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Magneto-Optical Microring Switch Based on Amorphous
Silicon-on-Garnet Platform for Photonic Integrated Circuits
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SUMMARY  Magneto-optical (MO) switches operate with a dynami-
cally applied magnetic field. The MO devices presented in this paper con-
sist of microring resonators (MRRs) fabricated on amorphous silicon-on-
garnet platform. Two types of MO switches with MRRs were developed. In
the first type, the switching state is controlled by an external magnetic field
component included in the device. By combination of MO and thermo—
optic effects, wavelength tunable operation is possible without any addi-
tional heater, and broadband switching is achievable. The other type of
switch is a self-holding optical switch integrated with an FeCoB thin-film
magnet. The switching state is driven by the remanence of the integrated
thin-film magnet, and the state is maintained without any power supply.
key words: photonic integrated circuits, magneto-optical, material, mi-
croring resonator, optical switch

1. Introduction

The data traffic in datacenters and across optic fiber net-
works has grown significantly, driving development of high-
speed and low-power photonic integrated circuits (PICs) for
optical interconnects and optical transceivers. The rapid
rise in PIC technology has also spurred research interest in
optical computing challenges, such as optical neural net-
works, which seemed impossible to realize only a decade
ago[1], [2]. However, a practical optical computing de-
vice requires more power efficient PICs. To meet this
demand, photonic devices have been combined with non-
volatile switching materials, such as phase-change material,
which has been widely studied recently [3], [4]. The non-
volatile optical switch could reduce power consumption of
PICs drastically because it would require no power to main-
tain its switching state. Nonvolatile optical memory is also
sought, but it remains a challenging device for optical signal
processing.

We believe that integration of photonic devices with
magneto-optical (MO) materials is a pathway to nonvolatile
optical switches and optical memories in PICs. MO ma-
terials exhibit unique optical features such as optical non-
reciprocity and magnetic nonvolatility. The interaction of
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light with any kind of magnetic medium creates a magneto-
optical effect. The reflectivity of a lightwave with a trans-
verse magnetic (TM) polarization that reflects at the sur-
face of MO material is slightly changed by the transverse
MO Kerr effect when the magnetization is in-plane and per-
pendicular to the direction of the incident light. In a pla-
nar waveguide system, light may experiences a nonrecipro-
cal phase shift (NPS), i.e., a phase shift dependent on the
direction of propagation or magnetization. Employing an
NPS effect in a static magnetic field yielded an optical isola-
tor [5], [6] and an optical circulator [7], [8]. When the mag-
netic field is controlled dynamically, an optical switch [9]
and a modulator are obtained.

An MO garnet is a ferrimagnetic material with a large
Faraday rotation coefficient and low optical absorption at
telecommunication wavelengths. On-chip optical devices
with cerium-substituted-yttrium iron garnet (Ce:YIG) have
been widely studied. MO devices with Ce:YIG have been
obtained by heterogeneous integration of a single crystal
garnet using either direct bonding or adhesive bonding [10],
or direct deposition of polycrystalline films by pulsed laser
deposition or sputtering methods [11], [12]. The bonding
technique, which can be performed at relatively low tem-
perature (~200°C), involves growing a single-crystalline
Ce:YIG on a lattice matched gadolinium gallium garnet
(GGQG) substrate, thus producing Ce:YIG with the largest
possible Faraday rotation coefficient. However, additional
fabrication or processing after bonding is challenging. Di-
rect deposition can match the scalability of the device func-
tion, but polycrystalline garnet requires high temperature
(~900°C) for crystal growth and has smaller Faraday ro-
tation relative to single-crystal Ce:YIG, owing to inferior
crystallinity.

In this paper, we describe our recent progress on mi-
croring MO switches dynamically controlled by a magnetic
field. The devices were fabricated based on the amorphous
silicon (a-Si:H)-on-garnet platform. On this platform, the
single crystal Ce:YIG with large Faraday rotation coeffi-
cient of —4500°/cm is used as a lower cladding layer, and
functional structures can be added onto the waveguides rel-
atively easily. The numerical design and fabrication tech-
nique of the a-Si:H waveguide on MO garnet are initially
described, followed by the fabrication of an MO micror-
ing switch and analysis of the switching characteristics ob-
tained by controlling a current-induced magnetic field. A
self-holding MO switch integrated with a thin-film magnet
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is then demonstrated. This switch is controlled by the rema-
nent magnetization of the integrated thin-film magnet; thus,
it does not consume electrical energy to maintain the switch-
ing state. The future perspective of the on-chip MO device
is discussed at the end of the paper.

2. Magneto-Optical Effect in an a-Si:H on Garnet
Waveguide

2.1 Design

A schematic of the cross section of the amorphous silicon-
on-garnet waveguide is shown in Fig. 1. The structure of the
waveguide was designed to maximize the magneto-optical
effect under investigation, in this case a nonreciprocal phase
shift (NPS) effect. A CeY,FesO,; (Ce:YIG) crystal of thick-
ness 500 nm was epitaxially grown on a (111)-oriented
(Ca, Mg, Zr)-substituted GGG substrate (SGGG). An a-Si:H
waveguide was formed on the Ce:YIG layer, including a 10
nm SiO; interlayer to prevent diffusion of Fe from Ce:YIG
into the a-Si:H, thereby increasing the absorption loss. The
NPS is available only for the fundamental TM mode as the
magneto-optical cladding layer is under the a-Si:H wave-
guide. Hence, the following simulations and experiments
are performed under TM.

The change of propagation constant induced by the
NPS was analyzed using the two-dimensional finite element
method (FEM), with the parameters in Table 1 as inputs.
Figure 2 shows the NPS Ag for different heights and widths
of the a-Si:H waveguide [9]. The dotted lines indicate ra-
diated modes that do not propagate in the waveguide. The
sharp dips centered at a width of ~0.8 ym are induced by

Ce:YIG 10 1500 nm

SGGG

Fig.1  Schematic structure of a-Si:H/Ce:YIG waveguide for simulation
with FEM.

Table 1  Parameters for simulation of finite element method.
Parameter Quantity Value
HasiH Refractive index of a-Si:H 3.48

nsio2 Refractive index of SiO2 1.44

NCeYIG Refractive index of Ce:YIG 222

NSGGG Refractive index of SGGG 1.94

0CeYIG Extinction coefficient of Ce:YIG 1.22x10*

Or Faraday rotation coefficient of Ce:YIG -4500 °/cm

A Wavelength 1550 nm
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the undesirable excitation of hybrid modes of TM and TE;.
Waveguide widths in this range were excluded from the de-
sign. The maximized NPS is almost insensitive to changes
in the waveguide width when the width is varied within a
range close to 1 um. Therefore, waveguide width w, g; = 1
um was adopted for the design. The waveguide height was
selected by calculating NPS and absorption loss values for
Ce:YIG at different waveguide heights with w,g; = 1 yum.
The results are shown in Fig.3. The NPS is maximized at
waveguide heights between 200 and 210 nm; however, the
absorption loss of Ce:YIG is also high in this range, indi-
cating that a tradeoff may be warranted. Considering both
the NPS and the absorption loss, a waveguide geometry of
wysi = 1 um and A, = 220 nm, with NPS AB = ~5.3

a-Si height
200nm|
——220nm
—240nm| J
—260nm

0.5 1.0 1.5
a-Si width (um)

Fig.2  Calculated NPS of the a-Si:H/Ce:YIG waveguide.
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Fig.3  Calculated NPS and absorption loss of the a-Si:H/Ce:YIG wave-
guide with width 1 gm.

Fig.4 SEM image of the amorphous silicon-on garnet waveguide.



MURAI et al.: MAGNETO-OPTICAL MICRORING SWITCH BASED ON AMORPHOUS SILICON-ON-GARNET PLATFORM FOR PHOTONIC INTEGRATED CIRCUITS

1

mm~, was chosen.

2.2 Fabrication

Fabrication of the amorphous silicon-on-garnet waveguide
began with growth of a 500 nm Ce:YIG single crystal on an
SGGG substrate by an RF sputtering method. This was fol-
lowed by addition of a 10 nm SiO, interlayer, and then de-
position of a 220 nm a-Si:H waveguide from SiH, gas and
Ar plasma, by plasma-enhanced chemical vapor deposition
(PE-CVD) at 300°C. The a-Si:H waveguides were formed
using 100 keV electron beam lithography and reactive ion
etching with SF¢ gas. An SiO, upper cladding layer was de-
posited by PE-CVD as the final step. Figure 4 is a scanning
electron microscopic (SEM) image of the cross-section of
the fabricated waveguide.

3. Switching Operation Controlled by Current-In-
duced Magnetic Field

A race track-shaped microring switch (MRR) was fabricated
containing waveguides with curved sections of radius 50 um
and straight sections of length 9 ym, as shown in Fig.5. A
700 nm Cr/Au electromagnetic coil was formed on the fabri-
cated MRR by a lift-off procedure, as the source of current-
induced magnetic field applied to the Ce:YIG. Figure 6 is
a cross-sectional schematic of the MRR device. MO effects
were investigated with both a static and a temporally varying
magnetic field, and a wavelength-tunable operation was de-
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Fig.5 Microscopic image of the fabricated MO microring switch
(MRR).
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Fig.6  Schematic image of the cross-sectional structure of the a-
Si:H/Ce:YIG MRR device.
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veloped. All measurements were performed on a stage with
temperature maintained at 20°C by a thermoelectric cooler.
The TM polarized light was coupled to the cleaved facet of
the waveguide through a lens-tipped fiber.

3.1 Static Operation

Output from the MRR was measured as transmitted spectra
using an amplified spontaneous emission (ASE) light source
and a spectrum analyzer. The electromagnetic coil was con-
nected to a variable voltage source through microprobes.
For static operation, a DC electric current of 62 mA was
applied to the electromagnetic coil, in both the clockwise
(CW) and the counterclockwise (CCW) directions. The cor-
responding transmitted spectra are shown in Fig. 7.

Various directions of the in-plane magnetic field trans-
verse to the light propagation were induced in the Ce:YIG.
Resonant wavelength shifts that were dependent on the di-
rection of the current flow were observed at both the through
and drop ports. A thermo-optic (TO) redshift of the res-
onant wavelengths, which was independent of the current
direction, was also observed as a result of Joule heating of
the coil. The extinction ratios of switching at the through
and drop ports were ~10 dB and ~5 dB at 1559.16 nm, re-
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Fig.7  Transmitted spectra from the MO switch controlled by a static
external magnetic field at (a) the through port and (b) the drop port.
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Fig.8 (a) MO and TO shifts for each applied current (b) MO shifts ex-
tracted from (a).

spectively. The Q-factor is ~3,000. Considering input and
output fiber waveguide coupling losses of ~25 dB, the inser-
tion loss was estimated to be ~2 dB at the through port. The
resistance of the coil was close to ~5 Q; hence, the power
consumption was ~20 mW, which is lower than the power
consumption previously reported for a microring MO de-
vice fabricated by the bonding technique [7]. In the present
study, the electromagnetic coil is closer to the MO mate-
rial and the magnetic field is more efficiently applied to the
Ce:YIG. The thickness of the Au microstrip was limited to
700 nm in our in-house fabrication procedure, but increas-
ing the thickness improves power consumption by several
milliwatts. Therefore, the extinction ratio of both ports can
be improved by using cascading double microrings.

The resonance shifts at various applied DC currents
were measured by increasing the current value from 0 to 130
mA and decreasing from 130 to 0 mA. The MO effect is the
nonreciprocal effect, hence dependent on the magnetization
direction. The TO redshift is a reciprocal effect independent
of the magnetization direction. Therefore, each effect was
easily distinguished. Figure 8 (a) shows both the MO and
TO phase shifts. The TO shift increased quadratically with
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Fig.9 The measurement setup for the time-domain measurement of the
MO switch.
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Fig.10  Time base response of MO device to a 1 MHz rectangle wave
voltage. Applied voltage was measured by oscilloscope. Optical output
was measured by a photodiode connected to an oscilloscope.

applied current. Figure 8 (b) shows the MO results in more
detail. The MO shift reaches a maximum at ~80 mA, and
then decreases with increasing current. This phenomenon
results from the temperature dependence of the Faraday ro-
tation coefficient of Ce:YIG: dOp/dT = +44°/cm/K[13]
and the temperature rise in the device due to Joule heat-
ing at higher current. After reducing the current to 0 mA,
an MO shift is detectable in accordance with the remanent
magnetization of Ce:YIG.

3.2 Temporal Operation

The ASE light source was replaced by a tunable laser diode
(TLD) with output wavelength 1550.29 nm. The measure-
ment setup is shown in Fig.9. A rectangular wave voltage
with a frequency of 1 MHz and 50% duty cycle was fed by a
function generator to dynamically control the Ce:YIG mag-
netization. The applied voltage was monitored, and the time
base optical output at the through port was measured using
a photodiode coupled to a sampling oscilloscope. Figure 10
shows the signals obtained for both.

The optical output power follows the applied voltage;
however, the rise and fall cycle of the optical response was
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Fig.11  Wavelength tunable operation of the MO switch by TO tuning.

found to be restricted to a minimum of 20 ns. This corre-
sponds to a maximum response frequency of 50 MHz, even
though the reversal of magnetization takes place over a few
picoseconds [14]. The spike and the oscillation of the ap-
plied voltage (Fig. 10) caused by the inductance of the coil
are responsible for limiting the response frequency of the
device. The small resistance of 5 Q suppressed the effective
voltage applied by the function generator for 50 Q systems.
Optimization of the coil design such that it is impedance
matching would enable the switch to operate at frequencies
over a few tens of GHz, i.e., a cycle time of the order of 50-
100 picoseconds. In the fabricated device, the bandwidth
calculated from the 3 dB width was ~20 GHz at the through
port. Therefore, the data rate might be limited to ~40 Gbps.

3.3 Wavelength-Tunable Operation

Combining the TO and MO effects enables tuning of the op-
erational wavelength. Increasing the DC current from 60
to 100 mA produced a significant phase shift attributable to
the TO effect (Fig. 8 (a)). Thus, the operational output wave-
length is tunable, as demonstrated in Fig. 11, and broadband
switching over the full fiber-optic C band (1530-1565 nm)
is possible because the TO shift of the device is signifi-
cantly larger than its free-spectral range (~2.2 nm). This
tuning mechanism is also applicable to the operation of a
wavelength locking controller, which maintains the resonant
wavelength against ambient temperature change without ad-
ditional heater.

4. Self-Holding Switch Controlled by Remanent Mag-
netization of Thin-Film Magnet

In Fig. 8 (b), a small phase shift is present after the current
is switched off, owing to a weak remanent magnetization
of Ce:YIG. Therefore, combination of Ce:YIG and a mag-
netic material with strong remanence will enable the use of
the device as a nonvolatile optical switch [15]. This can be
achieved by forming a thin-film magnet on the waveguide to
maintain a magnetic field by remanent magnetization when
the coil is not operating. The magnetization of the thin-film
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Fig.12  Schematic image of the cross-sectional structure of the self-
holding MO switch.
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Fig.13  Microscopic image of the MO microring switch, (a) image of the
device, and (b) the patterned FeCoB thin-film magnet.

magnet is controlled by the magnetic field induced by a cur-
rent in the electromagnetic coil formed above. The MO ef-
fect in the Ce:YIG layer is self-holding (i.e., fixed) at the
level determined by the remanence in the absence of a power
supply. A schematic of the cross section of the self-holding
MO phase shifter is depicted in Fig. 12.

Based on our previous work, the MRR switch was fab-
ricated on garnet substrate. Using an RF facing target sput-
tering method, 300 nm FeCoB magnet layer and 10 nm
Ru buffer layer were integrated on a 750 nm SiO, cladding
layer, which was enough thickness so as not to bring about
a notable optical absorption. FeCoB is a soft magnetic ma-
terial with large remanent magnetization and low coercive
force. The thin-film magnet was patterned using a lift-off
procedure to form an array of 20 um X 5 um stripes. An 80
nm layer of SiO, was then deposited, followed by an Cr/Au
electromagnetic coil of thickness 700 nm, to flip the mag-
netization of FeCoB by a current-induced magnetic field.
Figure 13 (a) is an image of the fabricated device. The mag-
netization of FeCoB was aligned along the long axis of the
stripes, which is transverse to the direction of light propa-
gation. Therefore, the magnetization of FeCoB is applied
to the radial direction of the microring. Figure 13 (b) is the
microscopic image of the patterned magnet.

4.1 Static Operation

Operation of the device in self-holding mode (constant MO
effect, no power supply) is demonstrated by controlling the
direction of remanent magnetization of FeCoB. The char-
acteristics of the device in a static magnetic field were ini-
tially established. A 500 mA current was applied to the
coil in the CCW direction to magnetize FeCoB along the ra-
dial direction of the MRR. Transmission spectra were mea-
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Fig.14  Transmitted spectra of the MO switch controlled by remanent
magnetization of thin-film magnet at (a) the through port and (b) the drop
port.

sured several seconds after switching off the current, using
the ASE light source with TM mode polarization. The di-
rection of current flow was then applied to the coil in the
reverse (CW) direction, and transmitted spectra measured.
Figure 14 shows the spectra obtained at the through and
drop ports. The resonant wavelength was shifted to longer or
shorter wavelength as a result of the MO phase shift induced
by remanence of FeCoB in the opposite direction. The ex-
tinction ratios of the switching at the through and drop ports
were ~9 dB and ~4 dB at a wavelength of 1549.95 nm. The
Q-factor is ~5,000. The wavelength shift was ~0.14 nm.
This was one fourth of the calculated value owing to the
magnetization of Ce:YIG not attaining full saturation. Op-
timization of FeCoB position and film thickness to provide
larger magnetization improves the phase shift.

4.2 Temporal Operation

The self-holding behavior of the MO switch was measured
over time to verify the effect. The device was illumi-
nated with continuous light of wavelength 1550.1 nm, and a
pulsed voltage of width 1 us, amplitude V,p, = ~+0.5 V, and
frequency 10 kHz was applied to the electromagnetic coil
using a function generator. The voltage polarity was flipped
periodically. The optical output was detected at the through
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Fig.15  Measured time base response of MO switch to a pulsed current
with a 1 us width pulsed voltage changing its sign alternately with a repe-
tition rate of 10 kHz.

port by a photodetector with an electrical gain amplifier and
observed by a sampling oscilloscope.

Figure 15 shows the temporal response of the optical
output. The output alternated between high and low re-
sponse with the reversal of direction of flow of each current
pulse. At 10 kHz, a 1 us pulsed voltage of +0.5 or —0.5 V
was delivered every 100 us, with O V maintained during the
99 us dwell time. Figure 15 demonstrates that optical power
output was maintained during each dwell time. The slow
drift after the switching is attributed to thermal relaxation
due to Joule heating. Nonvolatile optical devices using a
phase-change material have generally been limited to below
10,000 re-writes due to thermally induced material degrada-
tion. By contrast, the self-holding MO switch presented in
this paper is based on nonvolatile magnetization interacting
with light passing through the device material, thus rewrit-
ing lifetimes of over 10° are possible, dependent only on the
long term photostability and permanence of the magnetic
properties of the constituent materials.

5. Future Development

An optical memory employing an MO recording scheme
has also been envisaged as an application of our amorphous
silicon-on-garnet platform. MO recording is used for an
MO disk as a removable recording medium [16]. Figure 16
shows a proposed structure and mechanism for MO mem-
ory, consisting of a recording/heating layer of FeCoB and a
reading layer of Ce:YIG. The optical memory would store
1-bit of optical information as the magnetization direction
of the recording layer, which has (at least) two directions,
thus would store binary information.

The stored datum could be read out using an MO phase
shift and the change of the resonant states of an MRR. Light-
to-heat conversion may be employed for the writing opera-
tion. This involves optical absorption-induced heating [17];
i.e., when the temperature of a magnetic material increases,
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Fig.16  Schematic image of the proposed MO memory, (a) optical
absorption-induced heating and decrease of coercive force and (b) mag-
netization reversal.

the intensity of the coercive force weakens and its direction
is easily reversed along an applied external magnetic field.
In our proposed memory, the magnetization of the heating
layer is controlled by the electromagnetic field of light in
the waveguide. The FeCoB recording/heating layer would
be formed with a thinner SiO, cladding layer on the wave-
guide, such that it is exposed to the evanescent field of the
waveguide. The FeCoB layer would absorb optical power,
unlike the self-holding optical switch in Sect.4 where Fe-
CoB is deposited on a 750 nm SiO, cladding layer, hence
not exposed to electromagnetic fields from the waveguide.
Consequently, the absorbed light would increase the tem-
perature of FeCoB, reducing its coercive force. The magne-
tization of FeCoB could then be flipped by a weak external
magnetic field, but only when light is injected through the
waveguide.

The proposed memory does not require electric power
to maintain memory states by virtue of the nonvolatility
of the magnetization of the FeCoB recording layer. The
multiple-bits memories could be integrated on a large scale
in PICs.

6. Conclusion

In this work, we demonstrated magneto-optical microring
switches based on an amorphous silicon-on-garnet platform.
The device design and fabrication process were described.
A switching operation controlled by an external magnetic
field generated from the current flowing in an integrated
electromagnetic coil was initially presented. Extinction ra-
tios were ~10 dB and ~5 dB at the through and drop ports.
Power consumption was ~20 mW. The temporal response
of the optical output to an applied 1 MHz rectangle wave
voltage was described. Combination of MO and TO ef-
fects enabled broadband wavelength tuning. This mecha-
nism is applicable to the wavelength locking controller with-
out any additional heater. Self-holding of the MO effect,
controlled by remanent magnetization of an integrated thin-
film magnet was then demonstrated. The switching states
were changed by reversing the magnetization of FeCoB with
an applied current of 500 mA, and the switched states were
maintained with zero current. The measured extinction ra-
tios were ~9 dB and ~4 dB at the through and drop ports.
To verify the self-holding behavior of the MO switch, the
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temporal response with a pulsed current of 1-us width was
measured. Finally, an MO memory on a-Si-on-garnet plat-
form was proposed. In future research, a method of control-
ling magnetization with light should be explored to realize
the proposed optical memory device.
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