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ABSTRACT 

Optical isolators are fabricated on a silicon waveguide platform by directly bonding a magneto-optic garnet. 
The fabricated devices exhibit performance characteristics of a 30 dB isolation, a 20-dB isolation bandwidth of 8 
nm, and a temperature-insensitive backward isolation. As another application of magneto-optic garnet, an optical 
switch is also fabricated having a latching function.  
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1. INTRODUCTION 

Magneto-optic materials enable us to realize various functions in photonic circuits. The most distinctive 
application is optical nonreciprocal devices such as an isolator and a circulator, which are realized by breaking 
time symmetry by virtue of magneto-optic effects. Magneto-optic effects are controlled by a magnetic field applied. 
For instance, the rotation direction of polarization plane is reversed by reversing the direction of magnetostatic 
field applied axially to a Faraday rotator. A magnetostatic field applied transverse to the light propagation direction 
in a magneto-optic waveguide induces a phase shift of guided light wave. Light waves experience different phase 
shift by reversing the direction of applied magnetostatic field as well as the propagation direction. Such a feature 
can be used to switch the output port of a Mach-Zehnder interferometer (MZI).  

In this article, we present the development of silicon waveguide optical isolators which utilize the magneto-
optic phase shift dependent on the light propagation direction. As another application of magneto-optic material, 
we demonstrate the optical switch which has a latching function.  

2. DIRECT BONDING 

Rare earth iron garnets are the best candidate among several magneto-optic materials for the application to 
optical devices used in optical fiber communication wavelength bands because of large magneto-optic effect and 
low optical absorption. An issue of integrating a magneto-optic garnet on a silicon waveguide platform is the 
differences of material parameters. A single-crystalline garnet cannot be grown on silicon. In order to make a full 
use of a large first-order magneto-optic effect, we developed a direct bonding technique of a magneto-optic garnet 
on silicon.  

 
Figure 1. Schematic illustration of surface activated direct bonding. 

A single-crystalline magneto-optic garnet, CeY2Fe5O12 (Ce:YIG), was grown by an RF sputtering on a (111)-
oriented (GdCa)3(GaMgZr)5O12 (SGGG) substrate. The Ce:YIG wafer was directly bonded on silicon waveguides 
fabricated in the top silicon layer of an SOI wafer [1]. Figure 1 illustrates schematically the surface activated direct 
bonding process. The surfaces of Ce:YIG and silicon were activated by N2 plasma exposure for 20 sec. Two wafers 
were contacted in a vacuum chamber at room temperature. The contacted sample was pressed with a pressure of 
12 MPa at 200 oC for 90 min. 
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3. OPTICAL ISOLATOR 

Using the magneto-optic phase shift in a MZI, we have realized a silicon waveguide optical isolator as shown 
in Fig. 2. The isolator was fabricated by directly bonding a 500-nm-thick single-crystalline Ce:YIG layer on a 450-
nm-wide and 220-nm-thick silicon waveguide [2]. The Faraday rotation constant of Ce:YIG was –4500 o/cm at a 
wavelength of 1550 nm. The magnetic field required to saturate the magnetization of Ce:YIG layer in the film-
plane was 50 Oe, which was favourable in the applications using a magneto-optic phase shift. 

By applying a magnetostatic field in anti-parallel directions in two MZI arms, a phase difference is given 
between two arms. In the forward propagation, the phase difference brought about by the magneto-optic effect is 
set to be –/2 by adjusting the magneto-optic interaction length. The magneto-optic phase difference is cancelled 
by a /2+2m (m: integer) phase bias installed in the left arm. The phase bias, which is independent of light 
propagation direction, is realized by an optical path difference between two arms. Thus, light waves propagating 
in two arms interfere constructively in the output coupler. In the backward propagation, the magneto-optic phase 
difference changes its sign by virtue of a nonreciprocal nature of magneto-optic effect. Since the phase bias remains 
constant by reversing the propagation direction, the total phase difference between two arms amounts to . Thus, 
light waves interfere destructively in the left coupler. No light is output at the central port of left coupler, which is 
an input port for the forward propagation.  

We demonstrated an isolation of 30 dB in a fabricated device as shown in Fig. 2(b) [2]. The 20-dB isolation 
bandwidth was extended to 8 nm by adjusting the phase bias [3]. We also demonstrated temperature-insensitive 
backward isolation in a temperature range of 20-60 oC [4] by cancelling the temperature dependence of magneto-
optic effect with that of phase bias. 

    

(a)                                                                           (b) 
Figure 2. (a) Device structure of silicon waveguide optical isolator and (b) its measured fiber-to-fiber transmittance [2]. 

4. OPTICAL SWITCH 

The sign of magneto-optic phase difference between two MZI arms is flipped by reversing the magnetization 
direction of Ce:YIG instead of reversing the propagation direction. When the magneto-optic phase difference 
becomes +/2 and –/2 with a /2+2m (m: integer) phase bias installed in one of MZI arms, constructive 
interference occurs in the bar and cross ports, respectively, in a 2×2 MZI. Thus, the output port is switched between 
the two ports. The unique feature of this magneto-optic switch is that the switch state is maintained by holding a 
magnetostatic field generated by a tiny external magnet without any additional power consumption. The switch 
state is flipped by reversing the magnetization of the external magnet.  

We fabricated the magneto-optic switch in a hydrogenated amorphous silicon (a-Si:H) waveguide prepared on 
the 500-nm-thick Ce:YIG single-crystalline layer [5]. Figure 3(a) shows the schematic of fabricated device. An 
MZI waveguide pattern was formed in an a-Si:H layer deposited on the Ce:YIG using plasma-enhanced chemical 
vapor deposition by SF6 reactive ion etching [6]. The waveguide height and width were 240 and 600 nm, 
respectively. After depositing an 800-nm-thick SiO2 over-cladding layer, 300-nm-thick FeCoB was deposited, 
using an RF facing-target sputtering method [7], as thin-film magnets with a 10-nm-thick Ru buffer layer over the 
MZI arms. After a 150-nm-thick SiO2 cover layer was deposited, a 500-nm-thick and 30-m-wide silver electrode 
was prepared to flow a pulse current that generated a magnetic field used for flipping the magnetization direction 
of FeCoB. 

Figure 3(b) shows the temporal optical output change measured at the cross port of the switch. It is observed 
that the output changes from a high to a low level and vice versa by applying a 1-s-wide pulse current to flip the 
FeCoB magnetization. The switch state is maintained after ceasing the current flow. This is attributed to that the 
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Ce:YIG magnetization is maintained to generate a magneto-optic phase shift by virtue of the FeCoB thin-film 
magneto. 

        

(a)                                                                                                     (b) 

Figure 3. Magneto-optic switch with a latching function. (a)Schematic device structure [3] and (b) measured temporal response. 

5. CONCLUSIONS 

Silicon waveguide photonic devices are demonstrated that are based on a magneto-optic effect. By aligning the 
magnetization of a magneto-optic garnet cladding layer along the transverse direction to the light propagation, 
light waves propagating in a silicon waveguide experience a magneto-optic phase shift. The phase shift is 
dependent on the light propagation direction as well as the magnetization direction. Using the direction dependent 
magneto-optic phase shift, we demonstrated optical isolators with an isolation ratio of 30 dB, a 20-dB isolation 
bandwidth of 8 nm, and temperature-insensitive isolation performance in 20-60 oC. Also, we demonstrated a 
magneto-optic switch with a latching function, in which an output port was switched by a pulse control current.  
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