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Abstract—We demonstrate an optical isolator integrated on a 
Silicon-on-Insulator waveguide platform realized by the adhesive 
bonding of a Ce:YIG/SGGG die on top of a Mach-Zehnder 
interferometer (MZI). The design is based on the different 
nonreciprocal phase shift experienced by both arms of the 
interferometer, which have a different waveguide width. 11dB 
optical isolation is experimentally obtained for a device having 
footprint 1.5mm x 4µm.  

Index Terms—Isolator, Ce:YIG, BCB bonding, SOI. 

I. INTRODUCTION 
In recent years many optical functions for optical 
communication systems have been realized on the silicon-on-
insulator (SOI) waveguide platform. Also semiconductor laser 
diodes, which are of key importance in such systems, are 
being integrated on this platform [1]. Since the performance of 
a laser is very sensitive to back-reflections from other 
components in the circuit, an optical isolator is highly desired. 
Until now bulk isolators are serving this purpose but for a 
compact solution the co-integration of an isolator with a laser 
on the SOI platform is of paramount importance. To construct 
an optical isolator in linear, time-independent systems a 
nonreciprocal material is required. A magnetic material can 
show non-reciprocity in the presence of an external magnetic 
field. In bulk isolators a piece of YIG is kept between two 
polarizers with polarization axes offset by 45° and an external 
magnetic field is applied in the light propagation direction. 
This rotates the polarization of the incident light by 45° and by 
another 45° in the backward direction, thereby obtaining high 
optical isolation. Implementing this concept in a waveguide 
configuration has been assessed [2] but because of the 
particularly strong birefringence of SOI waveguides it puts  
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stringent requirements on waveguide dimensions in order to 
obtain phase matching between the TE and TM mode. To 
avoid the need for phase-matching, instead of non-reciprocal 
polarization rotation, the non-reciprocal phase shift (NRPS) 
experienced by the TM polarized mode due to the presence of 
a lateral magnetic field is typically utilized in a waveguide 
configuration [3]. The nonreciprocal material can be bonded 
[4-6] or deposited [7] on top of the waveguide circuit to 
realize an optical isolator. Currently, the material quality of 
the deposited material is still inferior to the as-grown material. 
Therefore, in this paper we focus on the bonding of 
Ce:YIG/SGGG dies on a silicon waveguide circuit, for which 
an adhesive die-to-wafer bonding process is used using DVS-
BCB as the bonding agent. Recently, Mach-Zehnder 
interferometer (MZI) [4, 6] and ring resonator structures [5, 7] 
have been demonstrated as an optical isolator. In [6], the 
garnet die needs to be aligned on top of the MZI arms in such 
a manner that light propagating in one arm experiences an 
opposite nonreciprocal phase shift compared to the other arm. 
To achieve this a separation of nearly 400µm was designed 
between the garnet covered and the garnet-free part. In case of 
the MZI isolator demonstrated in [4] an anti-parallel magnetic 
field was required and consequently a separation of 400µm 
between the two arms was needed to accommodate the 
external magnet. In [5] a large radius ring resonator was 
presented as an optical isolator. Again, the device radius was 
kept large to accommodate an external magnet. In this work 
we present a new bonding-based optical isolator based on a 
MZI, which doesn’t show any alignment issues and results in a 
compact device, since a unidirectional magnetic field is used 
covering the entire device. 

II. ISOLATOR DESIGN  
The conventional MZI-based isolators described in [4,6] are 
constructed by connecting two multimode interferometer 
couplers by two silicon waveguides of identical width and 
work on the basis of the opposite NRPS experienced by TM 
light propagating through the garnet covered waveguides 
(push-pull operation). Our proposed device also consists of 
two multimode interferometers (MMI), which are however 
connected by two silicon wire waveguides of different width. 
Since both waveguides have a different width, they experience 
a different NRPS in a unidirectional magnetic field oriented 
identically in both waveguides, and hence a net non-reciprocal 
phase shift between both arms can be achieved.  The device 
layout is shown in Fig. 1(a) and Fig. 1(b). A similar approach 
using different cladding materials to induce a net non-
reciprocal phase shift was presented in [8]. As can be seen, 
compact isolator structures can be realized this way. The 
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MMIs are designed for having a bonded garnet layer on top. 
This relaxes the alignment requirements on the positioning of 
the Ce:YIG/SGGG dies, since the complete interferometer can 
be covered with the garnet. The length and width of the  
  

 

 
Fig. 1. Schematic of bonded isolator (a) top-view, (b) cross-sectional view 

 
multimode section of the MMI are designed to be 12.5µm and 
3.9µm respectively in a 210nm silicon waveguide layer 
geometry. The width of the input waveguide is 0.8µm. The 
output waveguides of the MMI are 0.9µm and 0.4µm wide 
respectively and the offset between them is designed as 
1.35µm. A ferrimagnetic 260nm Ce:YIG layer on a SGGG 
substrate (450µm) is bonded on top of the MZI as shown in 
Fig. 1(b). The NRPS per unit length is calculated by 
evaluating  
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where Hy is the unperturbed transverse magnetic field 
distribution in the waveguide and g(x, y) = nλθF / π is the 
magneto-optical constant of the Ce:YIG layer. θF is the 
specific Faraday rotation of the Ce:YIG (θF= -50000/cm at 
1.5µm) and n is the refractive index of the same material. The 
transverse magnetic field component of the quasi-TM 
polarized mode is simulated by the finite element method 
(FEM) using full-vectorial eigenmode expansion software [9] 
for different waveguide widths and BCB thicknesses. The 
integration in the numerator is carried out for the whole 
waveguide cross-section whereas in the denominator it is 
limited to the magneto-optic Ce:YIG slab. The NRPS per unit 
length as a function of waveguide width for different BCB 
thicknesses is presented in Fig. 2(a) for a wavelength of 
1500nm with 210nm Si core thickness. It is clear from Fig. 
2(a) that the wider arm experiences a higher NRPS compared 
to the narrower arm. As a result a net differential NRPS 

(∆NRPS) is obtained. It is important to mention here that the 
NRPS starts changing sign below a particular waveguide 
width for a given BCB thickness. This is because the Hy field 
at Ce:YIG/SGGG interface becomes larger than that of 
Ce:YIG/BCB interface for that waveguide width and BCB 
thickness. Discontinuity in the Fig.2 (a) around waveguide 
width 0.7µm is due to the mode coupling between 
fundamental TM mode and higher order TE mode. 
  

 

 
 

Fig. 2.  (a) Simulation of NRPS per unit length vs. waveguide width for 
different BCB layer thicknesses (for a 260nm thick Ce:YIG layer with a 
210nm thick Si waveguide), (b) plot of the differential NRPS vs. BCB 
thickness (for waveguide widths of 0.4µm and 0.9µm)  
 
For the specific case of 0.4µm and 0.9µm wide arms of the 
Mach-Zehnder interferometer, the differential NRPS is plotted 
in Fig. 2(b). The MMI used in the current design has two 
different output widths. This design is chosen over an MMI 
design with identical output waveguide widths and a taper 
section in one arm due to the fact that during the tapering 
between a 0.9µm and 0.4µm wide waveguide, a TM/TE mode 
anti-crossing, due to the vertical asymmetry in the layer stack, 
results in substantial power loss [10]. The power coupling 
efficiency to both output waveguides (at 1500nm wavelength) 
of the MMI with unequal output widths (C1

2 and C2
2 are the 

power coupling efficiencies to the 900nm wide and 400nm 
wide waveguide respectively) is shown in Fig. 3 as a function 
of BCB layer thickness for a 210nm Si core thickness. 

III. FABRICATION AND EXPERIMENTAL RESULTS 
The details about the SOI photonic integrated circuit 
fabrication and bonding procedure can found in [6] and [11] 



respectively. Curved diffraction gratings are used to inject the 
fundamental transverse magnetic (TM) guided mode.  In the 
magneto-optical measurements a stack of three 3mm x1mm x 
1mm Nd-Fe-B permanent magnets are used to provide the 
required bias magnetic field for the Ce:YIG layer in the 
direction transverse to the light propagation. The optical 
transmission for forward and backward light propagation are 
recorded when an external unidirectional transverse magnetic 
field is applied. The magnetic field produced by the external 
magnet is sufficiently  

 
Fig. 3. Coupling efficiency to both arms of the MZI as a function of BCB 
thickness. C2

2/ C1
2 = 70 for 80nm of BCB thickness where C1

2 and C2
2 are the 

MMI power coupling coefficients to the broad (width = 0.9µm) and narrow 
(width = 0.4µm) arm respectively. 
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Fig. 4. Spectra of the Mach-Zehnder interferometers for the 80nm BCB 
thickness (a) simulated (b) experimentally measured 

 
strong to saturate the Ce:YIG layer[5]. The simulated and 
experimentally measured spectra of the Mach-Zehnder 
interferometer for various interferometer arm lengths (L) are 

depicted in Fig. 4(a) and Fig. 4(b) respectively for 80nm BCB 
thickness. In MZI transmission simulations waveguide losses 
are not taken into account. The measured insertion loss of the 
MZI shown in Fig.4 (b) includes the overall propagation loss 
due to garnet bonded SOI plus transition loss at the junction 
between plain BCB covered SOI and garnet+BCB covered 
SOI. The obtained optical isolation from four devices with a 
respective Mach-Zehnder interferometer arm length L of 
1.49mm, 0.99mm, 0.49mm and 0.19mm is presented in Fig. 5. 
The measured free spectral range of these devices is 2.3nm, 
3.4nm, 6.8nm and 18.4nm respectively whereas the simulated 
values are 2.3nm, 3.3nm, 6.6nm and 18.3nm respectively from 
Fig.4 (a). The measured ∆λ/FSR for different interferometer 
lengths is shown in Fig. 6(a), with ∆λ the difference in the 
wavelength for which destructive interference is obtained for  
 

 
Figure 5. Normalized transmission spectra for forward and backward light 
propagation in MZIs of different lengths  
 

 
Fig. 6. (a) Measured ∆λ/FSR for different arm lengths of the MZIs (b) fitting 
of measured extinction ratios for the different MZI lengths. 
 
the forward and backward direction. This ratio relates to the 
differential nonreciprocal phase shift per unit length as 
∆NRPS = ∆λ2π/(FSR.L) = 1.633rad/mm. Theoretically, the 
extinction ratio (ER) of a MZI with arm length L can be 
written as  
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where C1
2 and C2

2 are the MMI power coupling coefficients to 
the broad and narrow arm respectively. n bα α α∆ = −  is the 
difference in propagation loss per unit length between the 
narrower and broader arm of the MZI. The measured 
extinction ratio for the four considered MZIs is shown in Fig. 
6(b), together with the fitting of the theoretical extinction 
ratio. The fitting parameters are (C2/C1)2 and Δα. The different 
propagation loss in both arms is mostly due to the difference 
in optical confinement factor ∆Г in the Ce:YIG layer, which 
has a material loss of about 60dB/cm. Taking the simulated 
value of ∆Г as 0.07, ∆α is evaluated theoretically as 
0.42dB/mm whereas the value obtained from the fit is 
1.4dB/mm. The difference between the theoretical and 
measured values can be partially explained by extra 
differential loss due to the confinement in the SGGG, which is 
assumed to be transparent in this analysis. The fitted value of 
(C2/C1)2 is 0.71 whereas the simulated one is 0.7 as indicated 
in Fig. 3. Comparing the measured non-reciprocal phase shift 
with the simulation results presented in Fig. 2(b) results in a 
BCB thickness of 80nm approximately, which is confirmed by 
a SEM cross-section as shown in Fig. 7. 
 

 
 

Fig. 7. SEM cross-section of the bonded stack  
 

IV. CONCLUSIONS 
An optical isolator on a silicon waveguide platform is realized 
by adhesive BCB bonding. While the device performance can 
be improved in terms of insertion loss, this device concept 
allows for a dense co-integration of an optical isolator with 
semiconductor lasers on the SOI platform. This creates 
opportunities for the realization of complex active-passive 
photonic integrated circuits on a silicon platform.    
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