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Silicon Mode-Selective Switch
via Horizontal Metal-Oxide-
Semiconductor Capacitor
Incorporated With ENZ-ITO

Weifeng Jiang(®", Jinye Miao & Tao Li

A silicon mode-selective switch (MSS) is proposed by using a horizontal metal-oxide-semiconductor
(MOS) capacitor incorporated with the epsilon-near-zero (ENZ) indium-tin-oxide (ITO). The carrier
concentration of the double accumulation-layers in ITO can be adjusted via the applied gate-voltage
to achieve the desired switching state. The MOS-type mode of the central MOS-capacitor based triple-
waveguide coupler is introduced and optimised by using the full-vectorial finite element method to
switch the "OFF” and “ON" states. The thickness of the accumulation layer and the optimal design

are studied by using the 3D full-vectorial eigenmode expansion method. The optimised quasi-TE, and
quasi-TE; modes based MSSes are with the extinction ratios of 28.52dB (19.05dB), 37.29dB (17.8dB),
and 37.29dB (23.7 dB), at “OFF” ("ON") states for the accumulation-layer thicknesses of 1.5, 5.0, and
10.0 nm, respectively. The operation speed can achieve to be 6.3GHz, 6.2 GHz, and 6.2 GHz for these
three accumulation-layer thicknesses, respectively. The performance of the proposed MSS with a 2.5V
gate-voltage is also studied for preventing the oxide breakdown. The proposed MSS can be applied in
the mode-division-multiplexing networks for signal switching and exchanging.

Mode division multiplexing (MDM) technology is of great promise to overcome the communication bottleneck
and to achieve a dramatic capacity-enhancement for optical transmission networks"? Silicon photonics show
attractive characteristics to realise compact, low-cost, and CMOS-compatible optical devices®. To build on-chip
MDM systems, various silicon based building blocks have been demonstrated, including the mode (de)multi-
plexers [(De)MUXs]*®, multimode power-splitters®, mode filters’, multimode bent waveguides/crossings®’, and
mode-selective switches (MSSes)!*~'2. Among these devices, an MSS is the basic and critical component for flex-
ible mode-routing and switching to achieve a reconfigurable MDM network.

Recently, a few approaches have been reported to build a silicon MSS for reconfigurable MDM networks,
including the micro-ring resonators (MRRs)'?, Mach-Zehnder interferometers (MZIs)'*~'¢, multimode inter-
ference (MMI) couplers'”®, and triple-waveguide couplers (TWCs)'?-2L. Stern et al. firstly demonstrated a 1 x 2
multimode switch based on the MRRs'. The mode crosstalk (XT) ranging from —16.8 to —24.0 dB and the meas-
ured insertion loss (IL) of 5.4-9.1 dB can be achieved for four different channels. However, the MRRs may degen-
erate the operating bandwidth due to the critical resonating-condition. In addition, this approach is based on
the relatively complicated demultiplexing-switching-multiplexing (DSM) process: the input multimode signals
are demultiplexed to the fundamental modes and then switching them by using the single-mode (SM) switches;
finally, these SM signals are multiplexed to the desired output modes. Yang et al. proposed a general architecture
for on-chip mode switching and demonstrated a thermo-optic (TO) 2 x 2 four-mode switch based on the DSM
process. In order to simplify the MSS configuration, Sun et al. presented a 2 X 2 multimode switch, consisting
of a pair of 1 x 1 MZI and TO based multimode switches and a pair of MRR based 2 x 2 SM switches?. A low IL
of <1.2dB and a low XT of <—16.6 dB can be measured for all channels and the footprint is 433 pm x 433 pm.
Another approach could be the use of the MMI couplers to build an MSS. Priti et al. proposed and experimentally
demonstrated an MSS based on the MMI couplers and TO phase-shifters!®. A switching extinction ratio (ER) of
>25dB and a mode XT of <—12dB were measured over the C-band. Xiong ef al. demonstrated a 1 x 2 two-mode
switch based on an MZI schematic and the electro-optic (EO) effect*’. A short switching-time of <2.5ns and
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Figure 1. (a) Schematic illustration of the proposed silicon mode-selective switch based on a horizontal MOS-
capacitor incorporated with epsilon-near-zero (ENZ) indium-tin-oxide (ITO). The capacitor is placed as a
central waveguide of the triple-waveguide coupler. An S-bend waveguide is implemented to further reduce

the mode crosstalk. (b) Cross-section of the Si/HfO,/ITO/HfO,/Si MOS-capacitor incorporated in the triple-
waveguide coupler. The whole device is covered with the silica cladding and is based on the rib waveguide, but
only P and P++ doped Si-slabs are shown in (a). The height of the slab of the silicon rib waveguide is chosen
to be hy,, =30 nm. The 1 x 10'8 cm~ doping concentration of P-doped Si is chosen for the triple-waveguide
coupler to lower the electrical access resistance and optical propagation loss. The 1 x 10 cm™ doping
concentration of P4+ doped Si is chosen for the Si slabs positioned 1.0 pm away from the centre of two outer
waveguides to achieve ohmic contacts with the electrodes.

the switching ER of 12.5-23.1 dB were experimentally achieved and the size of this mode switch is about 350
pm. Nevertheless, the traditional EO and TO effects in silicon, such as the Pockels effect and the Franz-Keldysh
effect are relatively small, which would lead to a big size of the EO or TO phase-shifter to achieve the essential
phase-transition®.

In order to increase the light-matter-interaction (LMI) inside the silicon switch, the TWC based con-
figurations incorporated with phase-change materials (PCMs) and transparent conducting oxides (TCOs),
including Ge,Sb,Te; (GST)*, Ge,Sb,Se,Te, (GSST)Y, indium-tin-oxide (ITO)%, have been emerging as a prom-
ising approach to achieve an ultra-compact, broadband, and low-loss MSS. A nonvolatile and ultra-low-loss
reconfigurable mode (De)MUX/switch has been reported based on a silicon TWC with the GSST-PCM*®,
which can achieve a compact coupling length of only 29.3 um, a broad bandwidth covering S+ C+ L band,
ultra-low ILs of 0.10 and 0.68 dB, and high mode ERs of 18.98 and 22.18 dB at “OFF” and “ON” states, respec-
tively. Benefitting from the unique property of the epsilon-near-zero (ENZ) effect of the ITO-TCO, a recon-
figurable mode (De)MUX/switch was numerically proposed by using a silicon TWC incorporated with a
vertical metal-oxide-semiconductor (MOS) capacitor and an ITO layer?. A more compact length of 8.429 pm,
an ultra-high switching-speed of 0.781 THz, and a low power-consumption of 11.74 f]/bit can be achieved based
on the carrier accumulation at the ENZ point. A silicon reconfigurable add/drop filter was demonstrated based
on a vertical Si-SiO,-graphene capacitor”’, which can overcome the need for continuous heating to keep switch-
ing state. The vertical MOS-capacitor is based on the vertical multilayers, which can be deposited in sequence
and then etched together. The horizontal MOS-capacitor is based on the lateral multilayers, which requires the
multi-depositing and multi-etching processes?. The advantages of the vertical MOS-capacitor are as follows: the
vertical MOS-capacitor is easier to fabricate and can be operating for the quasi-TM mode as a horizontal slot is
implemented. However, the vertical stacking structure suffers from the limited design-flexibility and may not be
compatible with other on-chip components. In that sense, it would be preferred to design a carrier-accumulation
based silicon MSS via a horizontal MOS-capacitor.

In this paper, we propose and optimise a TWC based silicon MSS, consisting of two silicon outer wave-
guides (WGs) and a central horizontal MOS-capacitor incorporated with the ENZ-ITO, as shown in Fig. 1. A
double-carrier-accumulation scheme offers the large phase-change and high switching-efficiency by using the
horizontal Si/HfO,/ITO/HfO,/Si MOS-capacitor. This paper is organised as follows. In Section II-A, the sche-
matic and principle of the proposed MSS are described in detail. In Section II-B, we study the electrical properties
of the ITO material to reveal the carrier-accumulation based ENZ effect. In Section II-C, the modal characteris-
tics of the MOS-type mode and the phase-matching condition are investigated for both “OFF” and “ON” states.
In Section II-D, the operation and performance of MSS are presented and studied.

Results

Schematic and principle. The schematic diagram of the proposed MSS based on a silicon TWC is shown
in Fig. 1(a), consisting of a central horizontal-MOS-capacitor incorporated with ENZ-ITO, an input WG with
input port I, and output port O}, and a bus WG with input/output ports I,/O,. The length of the MOS-capacitor is
equal to the coupling length of the TWC, denoted by L. in Fig. 1(a). In order to minimise the mode XT, an S-bend
WG with the offset of S, x S is implemented in between the straight input- and output-sections of the input
WG. The length of the straight section of the input WG is denoted by L. The cross-section of the TWC is shown
in Fig. 1(b), in which the widths of the input, central, and bus WGs are represented by W, W, and W,, respec-
tively. The gap between the central and input/bus WGs is denoted by g. The whole device is covered with the SiO,
cladding and is based on the rib WG. The heights of the rib WG and the slab are chosen to be h =220nm and
hy., =30 nm, respectively. To be clear, only the P and P4+ doped silicon slabs are shown in Fig. 1(a). The heavily
doped silicon would lead to an increased propagation loss. For the silicon WGs connected to the doped slabs, the
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Figure 2. (a) Schematic of the Si/HfO,/ITO/HfO,/Si MOS-capacitor. When a negative gate-voltage is

applied on the ITO layer, electrons accumulate at both the right and left ITO/HfO, interfaces to form double
accumulation-layers. (b) Carrier density distribution within the accumulation layers in ITO along x coordinate.
(c) Real part of refractive-index distribution in Si, HfO,, and ITO along x coordinate. The dash blue and solid
red lines are corresponding to the “OFF” and “ON” states, respectively.

lightly P-doping concentration is chosen to be 1 x 10'8cm™ to lower the electrical access resistance and optical
propagation loss. The measured propagation loss due to 1 x 10" cm ™ doping was about 3.4 dB/mm?. Hence, an
additional propagation-loss would be induced depending on both the doping and device length. A compact cou-
pling length is preferred to reduce the propagation loss due to doping. For the slabs connected to the electrodes,
the heavily P++ doping concentration of 1 x 10?°cm™2 is chosen to achieve ohmic contacts with the electrodes.
In order to circumvent the influence of the electrodes and P+ doped slabs on the optical performance, they are
placed 1.0 pm away from the centre of two outer WGs. As the whole device is covered with the SiO, cladding, the
ITO deposition window is opened using the second e-beam lithography process. An ITO film is then sputtered
on the wafer and then the lift-off process is used to remove the ITO outside the deposition window. Finally, the
electrical contact for ITO can be formed along with the waveguide. As the width of the ITO section was chosen as
Wiro=>50nm as stated in Section II-C, the mode field in the upper ITO surrounded by cladding is cutoff, thereby
the effect to the optical characteristics would be relatively slight. The non-ideal etched sidewalls would induce a
strong optical absorption. The sidewalls of the vertical slot waveguides filled with ITO materials should be etched
smoothly and accurately to avoid the optical absorption.

The horizontal MOS-capacitor is comprised of the stacked Si/HfO,/ITO/HfO,/Si layers, as illustrated
in Fig. 1(b). The refractive indices of the Si, SiO,, and HfO, are set to be 3.47548, 1.46, and 1.98, respectively.
The detailed configuration of the MOS-capacitor is shown in Fig. 2(a). The widths of the ITO, HfO,, and Si
layers are denoted by Wiro, Wyio,, and Wy, respectively. When a negative gate-voltage is applied on the ITO
layer, electrons accumulate at both the right and left ITO/HfO, interfaces to form double accumulation-layers
(ACLs) and then the carrier density will be correspondingly increased inside two nanometer ACLs in the ITO,
as shown in Fig. 2(b). Sequentially, the complex index of the ACLs in the ITO will be changed. It can be noted
from Fig. 2(c) that the real part of the refractive index can be reduced to be close to near zero with an optimal
applied gate-voltage at “ON” state, which can induce the ENZ effect. The operation principle of the proposed
MSS is described as follows. (i) At “OFF” state, the phase-matching condition between three WGs of the TWC
can be satisfied without any applied gate-voltage. The input quasi-TE, mode can be multiplexed to the quasi-TE,
mode of the bus WG. (ii) At “ON” state with a negative gate-voltage on the ITO layer, the large index-change of
the central MOS-type mode can be achieved due to the ENZ effect and then the phase-matching condition will
be destructed. The input quasi-TE, mode will be switched back into the input WG and outputs at port O,. Once
the device is in the “ON” or “OFF” state, the capacitive effect does not need electrical current flow to keep the
operating state. In addition, the proposed schematic could be exploited as a modulator instead of switch.

Electrical characteristics of ENZ-ITO. The electrical characteristics of the ENZ-ITO are critical to the
proposed double-carrier-accumulation based silicon MSS. The permittivity of the ITO layer can be calculated by
using the well-known Drude-Lorentz model*:

; P
E=¢g tjg, =, — ——m—
1T )& 0 o + ) 1)
2 _ Ncez
w, = -
gom* (2)

where €, =3.9 is the permittivity of the high-frequency ITO; w is the angular momentum in rad/s;
~=1.84 x 10"*rad/s is the electron scattering rate; w, is the plasma frequency; &, is the vacuum permittivity; e is
the elementary electron charge; m* = 0.35m; is the effective mass of the electron; m, is the rest mass of the elec-
tron; N, is the carrier concentration.

Variations of the real part (left y-axis) and imaginary part (right y-axis) of the complex permittivity of the
ITO with the carrier concentration are shown in Fig. 3 at the wavelengths of 1500 nm (dash-dotted blue line),
1550 nm (solid red line), and 1600 nm (dotted black line), respectively. It can be noted that the real permittiv-
ity is decreased with the increase of the carrier concentration, while the imaginary permittivity is increased.
Accordingly, the ITO state would be changed from the dielectric state to the “quasi-metallic” state and finally to
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Figure 3. Variations of the real part (left y-axis) and imaginary part (right y-axis) of the complex permittivity of
ITO with different carrier concentrations at the wavelengths of A = 1500, 1550, and 1600 nm, respectively based
on the Drude-Lorentz model. The ENZ region is highlighted by the gray area under the ITO real permittivity

in between —1.0 and 1.0. With the increase of the carrier concentration, the state of the ITO can gradually turn
from the “dielectric” state to the “quasi-metallic” state and finally to the metallic state.
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Figure 4. Variations of the carrier concentration in the ACLs with the applied voltage and ACL thickness,
W,..= 1.5, 5.0, and 10.0 nm, respectively at the wavelength of 1550 nm. The ENZ region is highlighted by the
gray area under the ITO real-permittivity in between —1.0 and 1.0, corresponding to the carrier concentration
in between N,=4.8 X 10*° and 8.135 x 10 cm 2.

the metallic state, which are denoted by the light-blue, gray, and yellow regions in Fig. 3. The ENZ region is under
the ITO real-permittivity in between —1.0 and 1.0.

Next, both the carrier concentration and the thickness of the ACL are investigated with respect to the applied
gate-voltage. The carrier concentration in the ITO-ACL can be estimated by the following formula?’:

€0 * €Hfo, * Vg

N =N+ ———2 %
e- V\]HfO2 “ W 3)
where 0, =25 is the DC permittivity of the HfO,; V, is the applied gate-voltage; Ny is the intrinsic carrier
density of the bulk ITO film. In this case, an electron carrier-concentration of N;= 10" cm~2 is chosen for the
ITO layer to match its real permittivity with that of its adjacent HfO, layer. For the width of the HfO, layer,
Whro it can be noted from Eq. (3) that a thinner HfO, layer would induce a lower gate-voltage. However, the
MOS capacitance would also be increased with a thinner HfO, layer, which would reduce the switching speed.
Hence, the width of the HfO, layer should be chosen to balance the power consumption and the switching speed.
In this work, the width of the HfO, layer is chosen to be Wy, =10 nm. W, is the width of the ACL. There are
several papers® assuming that the ACL is equivalent to be with the uniform concentration and with the certain
ACL-thickness ranging from 1.0 to 10nm. A thicker ACL would provide a higher switching-efficiency benefiting
from the enhancement of the LMI inside the device. Actually, the accurate carrier distribution should be exper-
imentally measured. In this work, different ACL thicknesses, W,.., will be studied to reveal their effects on the
switching performance.

Variations of the carrier concentration in the ACLs with the applied voltage at the wavelength of 1550 nm are
calculated for the ACL thickness, W, =1.5, 5.0, and 10.0 nm, respectively, as shown in Fig. 4. The ENZ region
is with the ITO real-permittivity in between —1.0 and 1.0, which is also corresponding the carrier concentration
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Figure 5. Variations of the effective index with the width of the silicon rib waveguide. Here, the heights of the
slab and the silicon rib waveguide are set as hy,, = 30 nm and h =220 nm, respectively. The effective index of the
input waveguide with size of 220 nm x 400 nm is calculated to be 2.2989 using FV-FEM, denoted by a horizontal
dashed-black line.

Figure 6. Supermode fields of the phase-matched triple-waveguide coupler based on the FV-FEM simulation.
Poynting vector, P, (x, y) field profiles of (a) TE-A, (b) TE-B, and (c) TE-C supermodes. Here, parameters for
FV-FEM simulation: W, =400 nm, W, =860 nm, W = 50 nm, Wy, = 10 nm, W= 307.5nm, h=220nm,
hy,, =30nm, and g=200nm.

in between N, =4.8 x 10%° and 8.135 x 10*cm™>. It can be noted from Fig. 4 that the applied gate-voltage for
the ENZ region is decreased with the decrease of the width of the ACL. Hence, the power consumption and the
switching-efficiency should be balanced according to the ACL width.

MOS-Type mode and phase-matching. The MOS-type mode of the proposed horizontal MOS-capacitor
plays a key role in the silicon MSS. In this Section, the isolated modes of the silicon WGs, supermodes of the
TWC, and MOS-type mode of the central MOS-capacitor are studied by using the full-vectorial finite element
method (FV-FEM). The coupling length, L, is optimised according to the phase-matching condition at “OFF”
state. The effective indices of the isolated silicon rib-WGs are calculated and shown in Fig. 5. The effective
index of the quasi-TE, mode of the input rib-WG with the size of h x W, =220 nm X 400 nm is calculated to
be n,5=2.2989, denoted by a horizontal dashed-black line in Fig. 5. The phase-matched widths are chosen to
be 860 nm and 1.32 pm for the quasi-TE, and quasi-TE, modes, respectively. In this case, the MSS for handling
the quasi-TE, and quasi-TE, modes is considered as an example to explain the operation principle. But, even
higher-order modes can also be handled based on the proposed mechanism.

Although the phase-matched widths of the input and bus WGs can be obtained based on the isolated
mode-condition, that of the MOS-capacitor based central WG needs to be investigated based on the supermodes
and phase-matching condition of the TWC at “OFF” state. The supermodes of the TWC are calculated by using
the FV-FEM and the Poynting vector, P, (x, y) field profiles of three supermodes for handling the quasi-TE,
and quasi-TE, modes are shown in Fig. 6, denoted by the TE-A, TE-B, and TE-C, respectively. As stated earlier,
the phase-matching condition should be satisfied at “OFF” state, while that at “ON” state should be destructed
as much as possible. To meet the phase-matching condition of the TWC, the effective indices of three super-
modes must satisfy the formula®: n, + ne = 2ng, where n,, ng, and n are the effective indices of the TE-A, TE-B,
and TE-C supermodes, respectively. Variations of the supermodes effective-indices with the width of the central
silicon-section, W are shown in Fig. 7. It can be noted that the effective index of the TE-B supermode almost
keeps constant with the change of the W;, while those of the TE-A and TE-C supermodes are increased. It can
be observed from Fig. 6 that the TE-B mode-field is only confined in the input and bus WGs, which cannot be
influenced by the variation of the central WG. However, there are major mode-fields of both the TE-A and TE-C
supermodes confined in the MOS-capacitor based central WG. Hence, the phase-condition of the TWC can
be adjusted according to different carrier-concentrations inside the MOS-capacitor. It can also be noted from
Fig. 7 that the phase-matched width can be changed from W;=307.5nm at “OFF” state to 316 and 291.7 nm for
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Figure 7. Variations of the effective indices of the supermodes with the width of the central silicon-section,
W,; based on the FV-FEM simulation. The solid green, red, and blue lines are corresponding to the carrier
concentrations of N.=1 x 10, 1 x 10", and 5.5 x 10?*cm 2 for two accumulation layers (W,..=1.5nm),
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Figure 8. 1D plot of the amplitude of E, fields of the supermodes at (a) “OFF” and (b) “ON” states, respectively
at A=1550nm. The insets show the enlarged views of the E, field profiles in the ITO/HfO, regions generated
by the FV-FEM. The electric field density is mainly confined in the HfO, layers at “OFF” state and shifts to the
strongly absorbing accumulation-layers at “ON” state with N,=5.5 x 10%°cm >, which can lead to the large
refractive-index modulation.

N.=1x10?" and 5.5 x 10*cm > at “ON?” state, respectively. In next Section, the carrier concentration will be
optimised according to the performance of the optimal design at “ON” state.

In order to further explain the mechanism of the MOS-type mode based MSS, 1D plots of the amplitude of
the E, fields of the supermodes are illustrated in Fig. 8(a,b) for the “OFF” and “ON” states, respectively. As the
MOS-type modes are only existed in the TE-A and TE-C supermodes, shown in Fig. 6, the E, fields of these two
supermodes are presented in Fig. 8(a). At “OFF” state, the E, fields of both supermodes in the MOS-capacitor
are mainly confined in two HfO, layers, as shown in the inset of Fig. 8(a). This can be explained that the E, field
undergoes a large discontinuity due to the big index-difference between the silicon and oxide layers, which can
make the field mainly confined in the low-index oxide slot. The oxide slot is comprised of the HfO,/ITO/HfO,
layers. Although an optimal electron carrier-concentration is chosen to match the real index between the HfO,
(1.98) and ITO (1.96 4 0.0031) at “OFF” state, the E, field still undergoes the discontinuity due to the different
imaginary-indices and is mainly confined in the HfO, layers. It can be noted from Fig. 8(b) that the E, fields of
the TE-A and TE-C supermodes are squeezed into the ACLs at “ON” state. The enlarged view of the E, fields in
the oxide layers is shown in Fig. 8(b) as an inset. As the ACLs turn to the “quasi-metallic” state at “ON” state,
the “oxide slot” is comprised of the HfO,/ACL/ITO/ACL/HfO, layers, which can squeeze the E, fields into the
ultra-low-index ACLs. Therefore, the phase-condition can be significantly changed at “ON” state.

In this case, the device length is depended on the coupling length, L., which can be calculated based on the
formula®: L.=X/2(n, — ng). Variations of the coupling length with both the gap and width of the ITO are shown
in Fig. 9 under the phase-matching conditions. It can be noted from Fig. 9 that the coupling length is increased
with the increases of both gap and Wi. As a compact L. is preferred, a smaller gap and a narrower width of the
ITO layer would be better. The width of the ITO layer is W =50 nm considered in this case.

Operation and performance of mode-selective switch. In this Section, the propagation performance
of the proposed MSS is studied by using the three-dimensional full-vectorial eigenmode expansion (3D-FV-EME)
method. In this case, the mesh size of the MOS-capacitor is extremely critical for the rigorous simulation due
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Figure 9. Variations of the coupling length with both the gap and width of the ITO under the phase-matching
condition based on the FV-FEM. Here, parameters for FV-FEM simulation: Wy, =10 nm, W, =400 nm,
W,=2860nm, h=220nm, and hy,, = 30 nm. The phase-matched width of the central silicon-section, Wy,
should be adjusted accordingly to meet the phase-matching condition.
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Figure 10. Variations of the mode conversion efficiency (left y-axis) and normalised residual power in the
input waveguide (right y-axis) at “OFF” state with the ratio between the length of the straight input-waveguide-
section and the coupling length, L/L.. The optimal results with L =17.0 um are denoted by red dots, which are
calculated by using the 3D-FV-EME method.

to the thickness of the ACLs in between 1.0nm to 10 nm. For the HfO,/ITO/HfO, layers, an extremely small
mesh-size of 0.1 nm was applied in the x-axis and 10 nm was used for the y-axis. For the other regions in the
computation window, the mesh sizes in both the x- and y-axes were set to be 10nm. An MSS with the gap of
g=200nm is studied firstly and then variations of both the gap and ACL thickness are also investigated in detail.

In order to minimise the mode XT, an S-bend WG with the size of S, x §; =2.0 pm X 15 pm is implemented
in the input WG, as shown in Fig. 1(a). The position of the S-bend WG is optimised according to the mode XT
by using the 3D-FV-EME method. Variations of the mode conversion efficiency (left y-axis) and normalised
residual power in the input WG (right y-axis) at “OFF” state with the ratio between the length of the straight
input-waveguide-section and the coupling length, L/L,, are shown in Fig. 10 for g=200 nm and phase-matched
W =307.5nm. It can be noted that the optimal length of the straight section of the input WG is chosen to be
L=17.0 pm for the ratio, L/L. = 0.52 close to the midpoint of the input WG. The mode conversion efficiency and
the normalised residual-power in the input WG can achieve to be 0.9238 and 1.725 x 1074, respectively. The mode
XT, calculated based on XT = —(ER — IL)*, can be dramatically decreased to be —37.63 dB by introducing an
S-bend WG. The ER and IL are calculated to be 37.29 and —0.34 dB, respectively at “OFF” state.

Next, the effects of the ACL thickness, W,., and the gap, g, on the switching performance are investigated at
“ON” state. Variations of the normalised transmittance with the carrier concentration are calculated by using the
3D-FV-EME method and shown in Fig. 11 for the gap, g=200 nm and the ACL thickness, W,..=1.5, 5.0, and
10.0 nm, respectively at “ON” state. The power transmitted from the port I, to ports O, and O, are denoted by
the red and blue lines, respectively. It can be noted that with the increase of the carrier concentration, the power
from port I, to O, is decreased and then increased after the optimal N, while that to port O, is increased and
then decreased. At the optimal N,=6.0 X 10*°cm 2, the lowest mode XTs are —11.13, —19.21, and —24.42 dB for
W,.=1.5,5.0, and 10.0 nm, respectively. Hence, the switching performance is increased with the increase of the
ACL thickness, which should be obtained from the experimental results. As stated in reference®, the ACL thick-
ness was experimentally measured to be 5+ 1 nm for all applied voltages, which has been cited and used for many
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g=200nm and ACL thickness, W,..=1.5, 5.0, and 10.0 nm, respectively. The 3D-FV-EME method is used for
the simulation.

I1.0

5 10 15 20 25 30 35 40
z (um)

Figure 12. Propagation electric fields, |E|, along z-coordinate at (a) “ON” and (b) “OFF” states, respectively.
Here, the parameters for 3D-FV-EME simulation: g=200nm, W, =400 nm, W, =860 nm, Wyro =50 nm,
Whsop = 10nm, W;=307.5nm, h=220nm, hy,, =30nm, and L. =32.7 pm.

experimental and theoretical cases. For W,..=5.0 nm and g =200 nm, the mode XT, ER, and IL are calculated to
be —19.21,17.8,and —1.4dB at “ON” state. The propagation electric fields, |E|, along z-axis at “ON” state is shown
in Fig. 12(a), which shows the input quasi-TE, mode is propagating along the input WG and outputs at port O,.
Although the IL is —1.4dB at “ON” state, the power coupled to the bus WG is as small as 1.2%. The reason is that
the extra power is absorbed by the “quasi-metallic” ACL layers. For the “OFF” state, the propagation field is also
calculated and shown in Fig. 12(b). It can be noted that the input quasi-TE, mode is completely multiplexed to
the quasi-TE, mode of the bus WG. The wavelength dependence of the optimised MSS is calculated by using the
3D-FV-EME method and shown in Fig. 13 for both “OFF” and “ON” states. It can be noted that 3 dB bandwidths
are 82.5 and 100 nm for the “OFF” and “ON” states, respectively. With the mode XT of <—15.0dB, the bandwidth
at “OFF” state is calculated to be over 52.3 nm from 1523.5 to 1575.8 nm. At “ON” state, the mode XT is lower
than —15.85dB over a 100 nm bandwidth.

Although the performance of the optimised MSS with the ACL-thickness, W,..=5.0 nm and gap,
g=200nm has been studied, variations of the device performance are also investigated with respect to both the
ACL-thickness and gap. Variations of the ER at “ON” state (upper-half of left y-axis), IL at “OFF” state (lower-half
of left y-axis), and the coupling length, L_ (right y-axis) with the gap are calculated based on the 3D-FV-EME
method for W,..= 1.5, 5.0, and 10.0 nm, respectively®. In the simulation, the carrier concentration was set to
be N.=6.0 x 10*cm ™2 and the corresponding gate-voltages are 6.4, 21.35, and 42.7V for W, =1.5, 5.0, and
10.0 nm, respectively. The parameters of the phase-matched W, L., and L were optimised according to the
phase-matching conditions. It can be noted from Fig. 14 that the mode ER is increased with the increase of the
gap. The mode ER for W,..=5nm is increased from 11.13 to 62.48 dB with the gap changing from g=100 to
500 nm. The corresponding propagation electric-fields, |E|, are shown as five panels in Fig. 14. However, as the
gap is increasing, the coupling length is also going to be longer. The coupling lengths are calculated to be 15.6,
32.7, 66.5, 133.6, and 267.2 pm for g =100, 200, 300, 400, and 500 nm, respectively. Another issue is the IL at
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based on the 3D-FV-EME method.
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Figure 14. Variations of the extinction ratio at “ON” state (upper-half of left y-axis), insertion loss at “OFF”
state (lower-half of left y-axis), and the coupling length, L. (right y-axis) with the gap, g for W,..=1.5, 5.0, and
10.0 nm, respectively®. Five panels on the top are corresponding to the propagation electric fields, |E|, along
z-coordinate at “ON” state for W,..=5nm and g= 100, 200, 300, 400, and 500 nm, respectively. The 3D-FV-
EME method was used for the simulation.

“OFF” state, which would also be enhanced with the increase of the gap (>200nm), as shown in the lower-half
of left y-axis of Fig. 14. The reason can be explained that with the increased coupling-length for the larger gap,
the absorption loss would be increased due to the imaginary index (0.003) of the ITO at “OFF” state. However,
for the gap, g= 100 nm, the IL is also slightly increased due to the incomplete coupling-power in the input WG.
Therefore, we can state that a large-enough mode ER at “ON” state can be achieved with a wide gap for any
ACL-thickness, with the sacrifices of the coupling length and the IL at “OFF” state. It can be noted from Fig. 14
that for W, = 1.5nm, the mode ERs at ON state are 7.22, 13.56, 19.05, and 56.36 dB for gap, g =200, 300, 400,
and 500 nm, respectively. Meanwhile, the IL at “OFF” and “NO” states are —0.34dB and —3.9dB, —0.51dB
and —2.1dB, —1.0dB and —1.19dB, —1.3dB and —0.63 dB for g =200, 300, 400, and 500 nm, respectively. For
W,..=5.0nm, the mode ERs and IL at “ON” state are 17.8dB and —1.41dB, 23.9dB and —0.71dB, 29.46 dB and
—0.38dB, 62.48dB and —0.19dB for g=200, 300, 400, and 500 nm, respectively. For W,..=10.0 nm, the mode
ERs and IL at “ON” state are 23.7 dB and —0.76 dB, 29.89dB and —0.38dB, 35.4dB and —0.19dB, 67.72dB and
—0.1dB for g=200, 300, 400, and 500 nm, respectively.

The mode switching speed is limited to the RC delay. The MOS capacitance is calculated based on the
formula®:

C_Eo‘EHfoz‘h‘Lc
Whiro, (4)
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W.. |Gap IL (dB) A8 BW | E/bit
(nm) | (um) |L.(um) |@OFF |@ON |@OFF |@ON |V,(V) |(GHz) | (fJ/bit)
1.5 400 133.6 —1.02 —1.19 28.52 19.05 6.4 6.3 13.32
5 200 32.7 —0.34 —1.41 37.29 17.8 21.35 6.2 36.29
10 200 32.7 —0.34 —0.76 37.29 23.7 42.7 6.2 145.2

Table 1. Optical and electro-optic performance of the optimised MSS.

The power-consumptions per bit can be calculated from®*: E/bit = CV /2. The resistivity of the HfO,, doped
silicon and ITO are set to be 102, 2.36 and 5 x 10~* Qem according to the reported references®*-*. The internal
impedances are calculated to be 244.5, 1008.8, and 1008.8 €2 for W, .= 1.5, 5.0, and 10.0 nm, respectively based on
the equivalent RC circuit of our proposed MOS-capacitor. Considering the resistivity and MOS-capacitor struc-
ture, the operation bandwidth (BW) can be obtained by BW = 1/RC. The optical and electro-optic performance
are summarised in Table 1. For the ACL width, W, .= 5 and 10 nm, the gap is chosen to be g =200 nm for the high
optical performance, whereas the gap is increased to be g=400nm for W, = 1.5nm. The power-consumptions
per bit are increased from tens of fJ/bit for W,..= 1.5 nm to hundreds of fJ/bit for W,..= 5.0 and 10.0nm due to
the larger gate-voltage for the wider ACL-width. The operation speeds are calculated to be 6.3, 6.2, and 6.2 GHz
for W,..=1.5, 5.0, and 10.0 nm, respectively. Furthermore, the switching speed of our proposed device can be
increased via reducing the internal impedance or the MOS capacitance.

The requirement of the higher gate-voltage leads to a great challenge to the HfO, layers, which would exceed
the breakdown strength and raises the concern of reliability. The performance of our proposed device is also
studied with respect to a low V, of 2.5V to prevent the HfO, breakdown (5 MV/cm)*. As the applied V, was
set as 2.5V, the carrier concentrations of the accumulation layers are calculated to be 2.4 x 10%, 7.9 x 10%°, and
4.45 x 10" cm? for three ACL thicknesses, W, = 1.5, 5.0, and 10.0 nm, respectively. We can note from Fig. 14
that a large-enough mode ER at “ON” state can be achieved with a wide gap, but the coupling length and the
IL at “OFF” state would be increased. In order to achieve a reasonably high mode ER, a wide gap of g=600nm
is chosen as an example for this 2.5V Vg. The mode ERs at “ON” state are calculated to be 10, 7.7, and 7.2dB
for W,..=1.5, 5.0, and 10.0 nm, respectively. The coupling length and the IL at “OFF” state are increased to
be L. =455 pm and IL =1.87 dB, respectively. Moreover, the mode ER at “OFF” state is also deteriorated to
be 13.0dB. In addition, the mode ER at both “ON” and “OFF” states can be further increased via a wider gap
between three waveguides, but a longer device would be induced and the loss would also be deteriorated. Hence,
a high static permittivity for low power operation and a wide oxide-layer and gap would be preferred to prevent
the breakdown and retain a high performance.

Conclusion

In conclusion, a silicon-MSS has been proposed and optimised based on a horizontal MOS-capacitor incor-
porated with the ENZ-ITO. The double-carrier-accumulation effect was introduced to enhance the switching
efficiency. The permittivity of the ITO as a function of the carrier concentration and the gate voltage has been
calculated based on the Drude-Lorentz model. The modal characteristics of the MOS-type mode and super-
modes of the TWC have been studied by using the FV-FEM for the phase-matching condition. The propaga-
tion performance of the proposed MSS was investigated by using the 3D-FV-EME method. The influence of
the ACL-thickness and gap on the device performance has been analyzed. The optimised MSSes for switching
the quasi-TE; and quasi-TE, modes have been achieved for W, = 1.5, 5.0, and 10.0 nm, respectively. With the
increase of the gap, any desired mode-ER can be obtained regardless of the ACL thickness. The operation speed
and power consumption can reach to 6.3 GHz and 13.32 {]/bit, 6.2 GHz and 36.29 f]/bit, 6.2 GHz and 145.2 fJ/
bit for W,..= 1.5, 5.0, and 10.0 nm, respectively. The insertion losses at “OFF” and “ON” states were —1.02 and
—1.19dB, —0.34 and —1.41dB, —0.34 and —0.76 dB for these three ACL thicknesses, respectively. The mode ER
at “OFF” and “ON” states have achieved to be 28.52 and 19.05dB, 37.29 and 17.8 dB, 37.29 and 23.7 dB, respec-
tively. The applied gate-voltage of 2.5V under the HfO, breakdown was also investigated. The proposed MSS can
be used for efficient mode-routing to build the scalable MDM networks.

Methods

The electrical characteristics of the epsilon-near-zero indium-tin-oxide (ENZ-ITO) are calculated based on the
Drude-Lorentz model. The intrinsic carrier-concentration of N;= 10" cm 2 is chosen for the ITO bulk film. The
metal-oxide-semiconductor (MOS)-type mode of the proposed horizontal MOS-capacitor is calculated by using
the full-vectorial finite element method (FV-FEM). The mode characteristics of the isolated modes of the silicon
WGs and supermodes of the triple-waveguide coupler (TWC) are also calculated based on the FV-FEM. The
phase-matching condition of the TWC at “OFF” state is determined by using the FV-FEM. The coupling length
is calculated based on the the formula®: L.=X/2(n, — ng); where n, and ny, are the effective indices of the TM-A
and TM-B supermodes. The propagation fields, mode crosstalk, mode extinction-ratio, optical bandwidths, and
insertion losses of the optimal mode selective switches (MSSes) are obtained by using the three-dimensional
full-vectorial eigenmode expansion (3D-FV-EME) method. The operation bandwidth (BW) is calculated by
BW = 1/RC. The power-consumptions per bit is calculated from*®*: E/bit = CV*/2; where C is the MOS capac-
itance and V, is the applied gate-voltage.

Received: 21 March 2019; Accepted: 11 November 2019;
Published online: 28 November 2019

SCIENTIFIC REPORTS |

(2019) 9:17777 | https://doi.org/10.1038/s41598-019-54332-6


https://doi.org/10.1038/s41598-019-54332-6

www.nature.com/scientificreports/

References

1.
2.
3.

4.
5.

10.

11.

12.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

Luo, L.-W. et al. WDM-compatible mode-division multiplexing on a silicon chip. Nat. Commun. 5, 3069 (2014).

Richardson, D. J., Fini, J. & Nelson, L. E. Space-division multiplexing in optical fibres. Nat. Photon. 7, 354-362 (2013).

Williams, C., Banan, B., Cowan, G. & Liboiron-Ladouceur, O. A source-synchronous architecture using mode-division multiplexing
for on-chip silicon photonic interconnects. IEEE J. Sel. Top. Quantum Electron. 22, 8300109 (2016).

Dai, D. et al. 10-channel mode (de) multiplexer with dual polarizations. Laser Photonics Rev. 12, 1700109 (2018).

Chang, W. et al. Ultra-compact mode (de) multiplexer based on subwavelength asymmetric Y-junction. Opt. Express 26, 8162-8170
(2018).

. Han, L., Kuo, B. P.-P, Alic, N. & Radic, S. Ultra-broadband multimode 3dB optical power splitter using an adiabatic coupler and a

Y-branch. Opt. Express 26, 14800-14809 (2018).

. He, Y., Zhang, Y., Wang, H. & Su, Y. On-chip silicon mode blocking filter employing subwavelength-grating based contra-directional

coupler. Opt. Express 26, 33005-33012 (2018).

. Sun, C, Yu, Y, Chen, G. & Zhang, X. Ultra-compact bent multimode silicon waveguide with ultralow inter-mode crosstalk. Opt.

Lett. 42, 3004-3007 (2017).

. Xu, H. & Shi, Y. Metamaterial-based Maxwell’s fisheye lens for multimode waveguide crossing. Laser Photonics Rev. 12, 1800094

(2018).

Diamantopoulos, N. P. et al. Mode-selective optical packet switching in mode-division multiplexing networks. Opt. Express 23,
23660-23666 (2015).

Xiao, H. et al. On-chip reconfigurable and scalable optical mode multiplexer/demultiplexer based on three-waveguide-coupling
structure. Opt. Express 26, 22366-22377 (2018).

Wang, S. et al. On-chip reconfigurable optical add-drop multiplexer for hybrid wavelength/mode-division-multiplexing systems.
Opt. Lett. 42, 2802-2805 (2017).

. Stern, B. et al. On-chip mode-division multiplexing switch. Optica 2, 530-535 (2015).
. Sun, C, Yu, Y., Chen, G. & Zhang, X. Integrated switchable mode exchange for reconfigurable mode-multiplexing optical networks.

Opt. Lett. 41, 3257-3260 (2016).

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

Express 24, 12625-12634 (2016).

. Chan, W. Y. & Chan, H. P. Reconfigurable two-mode mux/demux device. Opt. Express 22, 9282-9290 (2014).
. Priti, R. B. & Liboiron-Ladouceur, O. A reconfigurable multimode demultiplexer/switch for mode-multiplexed silicon photonics

interconnects. IEEE J. Sel. Top. Quantum Electron. 24, 8300810 (2018).

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).

Jiang, W. Nonvolatile and ultra-low-loss reconfigurable mode (de)multiplexer/switch using triple-waveguide coupler with
Ge,Sb,Se,Te, phase change material. Sci. Rep. 8, 15946 (2018).

Jiang, W. Reconfigurable three-dimensional mode (de)multiplexer/switch via triple-silicon-ITO-waveguide directional coupler. Opt.
Express 26, 26257-26271 (2018).

Jiang, W. Reconfigurable mode (de)multiplexer using Ge,Sb,Se, Te, based triple-silicon-waveguide. IEEE Photon. Technol. Lett. 30,
2119-2122 (2018).

Yang, L. et al. General architectures for on-chip optical space and mode switching. Optica 5, 180-187 (2018).

Sun, C. et al. De-multiplexing free on-chip low-loss multimode switch enabling reconfigurable inter-mode and inter-path routing.
Nanophotonics 7, 1571-1580 (2018).

Xiong, Y., Priti, R. B. & Liboiron-Ladouceur, O. High-speed two-mode switch for mode-division multiplexing optical networks.
Optica 4,1098-1102 (2017).

Debnath, K. et al. All-silicon carrier accumulation modulator based on a lateral metal-oxide-semiconductor capacitor. Photonics Res.
6,373-379 (2018).

Liang, H., Soref, R., Mu, J., Li, X. & Huang, W.-P. Electro-optical phase-change 2 x 2 switching using three- and four-waveguide
directional couplers. Appl. Opt. 54, 5897-5902 (2015).

Cassese, T. et al. Capacitive actuation and switching of add-drop graphene-silicon micro-ring filters. Photonics Res. 5, 762-766
(2017).

Debnath, K., Khokhar, A. Z., Reed, G. T. & Saito, S. Fabrication of arbitrarily narrow vertical dielectric slots in silicon waveguides.
IEEE Photonics Technol. Lett. 29, 1269-1272 (2017).

Lin, C. & Helmy, A. S. Dynamically reconfigurable nanoscale modulators utilizing coupled hybrid plasmonics. Sci. Rep. 5, 12313
(2015).

Gao, Q, Li, E. & Wang, A. X. Comparative analysis of transparent on conductive oxide electro-absorption modulators. Opt. Mater.
Express 8,2850-2862 (2018).

Feigenbaum, E., Diest, K. & Atwater, H. Unity-order index change in transparent conducting oxides at visible frequencies. Nano Lett.
10,2111-2116 (2010).

Ye, C.,Khan, S., Li, Z. R,, Simsek, E. & Sorger, V. J. X-size ITO and graphene-based electro-optic modulators on SOL IEEE J. Sel. Top.
Quantum Electron. 20, 3400310 (2014).

Kuo, C. T., Kwor, R. & Jones, K. M. Study of sputtered HfO, thin films on silicon. Thin Solid Films 213, 257-264 (1992).

Bukacek, R. F. Annual Book of ASTM standards. Part43. F723 (81), (Philadelphia, 1982).

Ishibashi, S., Higuchi, Y., Ota, Y. & Nakamura, K. Low resistivity indium-tin oxide transparent conductive films. II. Effect of
sputtering voltage on electrical property of films. J. Vac. Sci. Technol. A. 8,1403-1406 (1990).

Yota, J., Shen, H. & Ramanathan, R. Characterization of atomic layer deposition HfO,, Al,O;, and plasma enhanced chemical vapor
deposition Si;N, as metal-insulator-metal capacitor dielectric for GaAs HBT technology. J. Vac. Sci. Technol. A 31, 01A134 (2013).

Acknowledgements

This work was supported in part by the Erasmus Mundus INTACT Project, in part by the National Natural
Science Foundation of China under Grant 11904178, in part by the Natural Science Foundation of Jiangsu
Province under Grant BK20180743, in part by the NUPTSF under Grant NY218108 and NY219048, and in part
by the Research Center of Optical Communications Engineering & Technology, Jiangsu Province under Grant
ZXF201801. The authors would like to thank Prof. B. M. Azizur Rahman at City, University of London for the
insightful discussion, constructive comments, and rigorous numerical algorithm.

Author contributions
W.E]. gave the idea and carried out all the simulation work with J.Y.M and T.L. W.E]. prepared all the figures and
wrote up the manuscript text.

SCIENTIFIC REPORTS |

(2019) 9:17777 | https://doi.org/10.1038/s41598-019-54332-6


https://doi.org/10.1038/s41598-019-54332-6

www.nature.com/scientificreports/

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to W.J.

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 Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted 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 license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFICREPORTS| (2019)9:17777 | https://doi.org/10.1038/s41598-019-54332-6


https://doi.org/10.1038/s41598-019-54332-6
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Silicon Mode-Selective Switch via Horizontal Metal-Oxide-Semiconductor Capacitor Incorporated With ENZ-ITO

	Results

	Schematic and principle. 
	Electrical characteristics of ENZ-ITO. 
	MOS-Type mode and phase-matching. 
	Operation and performance of mode-selective switch. 

	Conclusion

	Methods

	Acknowledgements

	Figure 1 (a) Schematic illustration of the proposed silicon mode-selective switch based on a horizontal MOS-capacitor incorporated with epsilon-near-zero (ENZ) indium-tin-oxide (ITO).
	Figure 2 (a) Schematic of the Si/HfO2/ITO/HfO2/Si MOS-capacitor.
	Figure 3 Variations of the real part (left y-axis) and imaginary part (right y-axis) of the complex permittivity of ITO with different carrier concentrations at the wavelengths of λ = 1500, 1550, and 1600 nm, respectively based on the Drude-Lorentz model.
	Figure 4 Variations of the carrier concentration in the ACLs with the applied voltage and ACL thickness, Wacc = 1.
	Figure 5 Variations of the effective index with the width of the silicon rib waveguide.
	Figure 6 Supermode fields of the phase-matched triple-waveguide coupler based on the FV-FEM simulation.
	Figure 7 Variations of the effective indices of the supermodes with the width of the central silicon-section, Wsi based on the FV-FEM simulation.
	Figure 8 1D plot of the amplitude of Ex fields of the supermodes at (a) “OFF” and (b) “ON” states, respectively at λ = 1550 nm.
	Figure 9 Variations of the coupling length with both the gap and width of the ITO under the phase-matching condition based on the FV-FEM.
	Figure 10 Variations of the mode conversion efficiency (left y-axis) and normalised residual power in the input waveguide (right y-axis) at “OFF” state with the ratio between the length of the straight input-waveguide-section and the coupling length, L/Lc
	Figure 11 Variations of the normalised transmittance at “ON” state with the carrier concentration for gap, g = 200 nm and ACL thickness, Wacc = 1.
	Figure 12 Propagation electric fields, |E|, along z-coordinate at (a) “ON” and (b) “OFF” states, respectively.
	Figure 13 Wavelength dependence of the optimised mode-selective switch for both “OFF” and “ON” states based on the 3D-FV-EME method.
	Figure 14 Variations of the extinction ratio at “ON” state (upper-half of left y-axis), insertion loss at “OFF” state (lower-half of left y-axis), and the coupling length, Lc (right y-axis) with the gap, g for Wacc = 1.
	Table 1 Optical and electro-optic performance of the optimised MSS.




