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Abstract We demonstrated add-drop Si microring resonator switch using InGaAsP/Si hybrid MOS
optical phase shifter. Through careful Si waveguide design, quasi-single-mode add-drop operation with
bipolar phase tuning was achieved. Owing to negligible gate leakage current, high extinction ratio of 34

dB was obtained with150 fW. ©2023 The Author(s)

Introduction

Si Programmable photonic integrated circuits
(PICs) are emerging to process signals in the
optical domain for communication, computing,
and sensing [1-3]. For deep learning, we have
proposed a ring resonator crosshar array that
enables on-chip learning and inference [4, 5]. In
the previous demonstration, we have found
thermal crosstalk caused by thermo-optic (TO)
phase shifters has been a major issue; thus, we
have instead proposed to use a IlI-V/Si hybrid
metal-oxide-semiconductor (MOS) optical phase
shifter with extremely low power consumption
because electron accumulation at the IlI-V MOS
interface enable the large carrier-induced
refractive index change [6, 7]. Although hybrid
MOS optical phase shifters using ultra-thin InP on
a single-bus Si ring resonator have been
successfully demonstrated [8], an add-drop Si
microring resonator with a hybrid MOS optical
phase shifter, which is necessary for the
proposed microring crossbhar array, has not yet
been demonstrated. While the use of 25-nm-thick
InP membrane enables the simple integration,
there are still issues such as low modulation
efficiency and the inability to perform reverse bias
operation for positive/negative phase tuning.

In this paper, we integrate a IlI-V/Si hybrid
optical phase shifter on an add-drop Si ring
resonator using a 200-nm-thick InGaAsP
membrane to overcome the issues in a 25-nm-
thick InP membrane. Using a 200-nm-thick
InGaAsP layer instead of a 25-nm-thick InP layer
results in an increased phase tuning range due to
the higher modulation efficiency and the ability to
operate under forward and reverse bias. We
discuss the design of an appropriate Si
waveguide to integrate a 200-nm-thick InGaAsP
membrane disk on a Si microring resonator,
which enables a quasi-single-mode resonance.

As a result, we successfully demonstrated an
add-drop ring resonator switch operation.
Compared to an InP membrane, the phase tuning
range was extended by a factor of 18. Moreover,
the switching energy at 6 V bias was less than
150 fW owing to the small gate leakage current.
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Fig. 1: Schematic of add-drop microring resonator switch
with [11-V/Si hybrid MOS phase shifter.

Device design
Figure 1 shows a schematic of an add-drop Si
microring resonator switch with a 111-V/Si hybrid
MOS phase shifter where a 200-nm-thick n-
InGaAsP membrane is bonded upon a p-Si
waveguide with Al2O3 gate dielectric. When a
thick 111-V membrane is used, there are several
optical modes in the structure of the Si waveguide
with a IlI-V disk. To ensure a quasi-single-mode
resonance, it is necessary to carefully design a Si
waveguide. In this paper, we examined two types
of Si waveguides: shallow rib and deep rib
waveguides on a 300-nm-thick Si-on-insulator
(SOI) wafer, as shown in Fig. 2. The mesas of the
shallow rib waveguide and deep rib waveguide
have slab heights of 160 nm and 50 nm,
respectively. To ensure single-mode operation in
Si waveguides, we set the widths of the
waveguides to 450 nm and 360 nm, respectively.
We have performed optical mode analysis of
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Si ring waveguides with a 200-nm-thick InGaAsP
membrane as a function of the radius using
Lumerical MODE Solutions. To avoid the sidewall
scattering of the edge of the InGaAsP membrane,
the radius of InGaAsP disk was designed to be 1
um larger than that of the Si ring. Figures 2a and
2b show the round-trip optical loss of
fundamental and first-order transverse electric
(TE) modes in the shallow and deep rib hybrid
waveguides, respectively. In the case of the
shallow rib waveguide, the first-order TE mode
exhibits a large optical loss because of the weak
optical confinement. Therefore, the higher-order
modes decay while propagating in the ring
waveguide, and the ring resonator can be
considered to operate as a quasi-single mode. In
contrast, in the case of the deep rib waveguide,
both TE modes have negligible loss because of
the strong optical confinement in the hybrid
waveguide or the InGaAsP disk. Therefore, it can
be considered that multiple resonant peaks are
observed when analysing the spectrum of the
ring resonator.
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Fig. 2: Optical loss of TE modes as a function of radius in
(a) shallow rib waveguide (b) deep rib waveguide.

Device Fabrication

According to the numerical analysis, we have
fabricated an add-drop Si microring resonator
switch with a IlI-V/Si hybrid MOS optical phase
shifter using the shallow and deep rib Si
waveguides. Figure 3 shows the fabrication
procedure. After fabricating Si waveguides and
grating couplers for a 1550 nm wavelength on a
300-nm-thick SOI wafer, a SiO2 cladding layer
was deposited and planarized by CMP. The
thickness of the SiO2 layer was approximately 8
nm. An InP epitaxial wafer containing a 200-nm-
thick n-InGaAsP layer was bonded onto a Si rib
waveguide via Al20s. The total Al203 thickness
was 10 nm. After removal of the InP substrate
and etch-stop layers, a disk-shaped InGaAsP
mesa with an InGaAs contact layer was formed
on the Si ring resonator by electron beam (EB)

lithography and dry etching. After the SiO:2
cladding layer was deposited by PECVD, Ni/Au
was deposited using EB evaporator, and the
electrodes were formed by lift-off. Figure 4 shows
a plan-view microscopy image of the fabricated
device.
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Fig. 3: Fabrication procedure of 1lI-V/Si hybrid MOS optical
phase shifter.

Fig. 4: Microscopy image of fabricated Il1-V/Si hybrid MOS
optical phase shifter on add-drop ring resonator.

Measurement

We measured the add-drop ring resonator with
[1I-V/Si hybrid MOS optical phase shifter. Figure
5 shows the output spectra of the pass and drop
ports when the radius of the microring is 10 um.
Itis found in Fig. 5 that the shallow rib waveguide
exhibits a single resonance peak, whereas the
deep rib waveguide exhibits multiple resonance
peaks, as expected in Fig. 2.
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Fig. 5: The output spectra of ring resonator with 111-V/Si hybrid
MOS optical phase shifter in the case of (a) shallow rib
waveguide and (b) deep rib waveguide.



Then, a gate voltage was applied between the
INnGaAsP disk and Si waveguide to measure the
phase modulation characteristics of the IlI-V/Si
hybrid MOS optical phase shifter. Figure 6 shows
the measured output spectra for the pass port
and drop port. By using a 200-nm-thick InGaAsP
membrane, we were able to achieve a phase shift
not only when a positive gate voltage was applied
(carrier accumulation), but also when a negative
gate voltage was applied (the Franz-Keldysh
effect). As a result, we achieved an add-drop
operation with positive/negative phase tuning by
the InGaAsP/Si hybrid MOS phase shifter. Owing
to the low-loss phase modulation, the high
extinction ratio of 34 dB in the pass port was
achieved when V4 was changed from 0 Vto 6 V.
Note that the extinction ratio in the drop port can
be improved by optimizing the initial coupling
ratio between the bus and ring waveguides.
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Fig. 6: The output spectra of the (a) pass port and (b) drop
port as a function of aate voltaae V.

Figure 7 shows the phase shift of the IlI-V/Si
hybrid MOS optical phase shifter as a function of
Vgy. For comparison, the phase shift in the case of
a 25-nm-thick InP membrane [6] was also plotted.
The modulation efficiency of the phase shifter
was found to be 0.53 Vcm, which is
approximately two time better than that of InP
membrane. In conjunction with the ability of the
positive/negative phase tuning owing to the thick
INnGaAsP membrane, compared to the InP
membrane, the phase tuning range was
extended by a factor of 18, even with the thicker
equivalent gate oxide thickness (EOT).
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Fig. 7: Phase shift of the 11I-V/Si hybrid MOS optical phase
shifter as a function of gate voltage.

Figure 8 shows the power consumption of the
lI-V/ISi hybrid MOS optical phase shifter.
Although the gate leakage current increases as
Vg increases, we achieved an extremely low
static power consumption of approximately 150
fW, when Vg was 6 V, which is almost 10th orders
of magnitude lower than that of a TO phase
shifter.

140

fw)

120
100
80
60
40
20

Power Consumption (

0 1 2 3 4 5 6
Gate Voltage (V)

Fig. 8: Power consumption of the 1lI-V/Si hybrid MOS optical
phase shifter.

Conclusions

We successfully demonstrated an add-drop
microring resonator switch using I11-V/Si hybrid
MOS optical phase shifter. Through the careful
consideration in a Si waveguide design, we
achieved a quasi-single-mode operation in the
add-drop operation even using a 200-nm-thick
InGaAsP membrane. In conjunction with a high
modulation efficiency and bipolar phase tuning,
the phase tuning range of the IlI-V/Si hybrid MOS
phase shifter with a 200-nm-thick InGaAsP
membrane was 18 times greater than that with a
25-nm-thick InP membrane. As a result, the high
extinction ratio of 34 dB was obtained at 6 V gate
voltage with an extremely low static power
consumption of 150 fW. Thus, the demonstrated
add-drop microring resonator switch is in
particular suitable for a microring crossbar circuit
for communication and computing.
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