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Design of Magneto-Optical Ring Isolator on SOI
Based on the Finite-Element Method
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Abstract—In this letter, we present the design of an integrated
optical isolator realized by bonding a silicon micro-ring resonator
with aCe:YIG garnet. The nonreciprocal phase shift effect induced
by applying a radial magnetic field has been studied using the fi-
nite-element method; numerical results clearly point out how to
optimize the thickness of the silicon ring and Ce:YIG garnet in
order to maximize the nonreciprocal effect between the forward
and backward TM modes.

Index Terms—Finite-element method (FEM), integrated optics,
isolators, magneto-optic material.

I. INTRODUCTION

R ECENT progress in the field of integrated optics has al-
lowed an increasing number of devices to fit on the same

chip. A very challenging component to be integrated with high
performance is the optical isolator. Not only does it reduce the
feedback optical noise in laser sources, but it also allows se-
rial integration of different photonic components [1]. Several
solutions have been proposed based on nonreciprocal radiation
mode conversion [2], nonreciprocal losses (NRL) [3], interfero-
metric configuration [4], and nonreciprocal phase shift (NRPS)
[5], the latter of which comes out to be the more reliable for
integrated isolators [6]. When a magnetic field is applied trans-
versely to a waveguide made of magneto-optic (MO) material,
the system is not reciprocal anymore and the forward and back-
ward propagation constants are differentiated. Such isolators
have been recently realized using MO photonic crystals and
ring resonators. Although MO photonic crystals isolators have
a very small footprint, they require either precise magnetiza-
tion domain control over micron scale [7] or complex design
of photonic crystals [8]. These issues make them difficult to be
experimentally realized. A more promising solution is the use
of nonreciprocal ring resonator, proposed by Kono et al. [9]
and Jalas et al. [10]. However, the proposed structure is dif-
ficult to be implemented in practice, because of the tiny foot-
print. Recently, a TM isolator was demonstrated by bonding
a silicon ring resonator with a cerium-substituted yttrium iron
garnet (Ce:YIG) [6]. Combining the strong NRPS achievable in
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Fig. 1. Scheme of a ring isolator consisting of a ring resonator, a straight wave-
guide, and a bonded Ce:YIG layer. (a) Top view; (b) cross-section.

such material with the reduced size of a ring resonator, a small
form factor integrated isolator was demonstrated with an iso-
lation of 9 dB. In this letter we design and optimize this type
of isolator at 1550 nm wavelength. By applying a radial mag-
netic field to the Ce:YIG, the clockwise (CW) and the counter-
clockwise (CCW) propagation constants for the TM mode will
be significantly differentiated, resulting in a different resonant
wavelength for the two directions. With a straight waveguide
coupled to the ring (see Fig. 1(a)), the forward propagating light
is coupled to the CWmode, while the backward light is coupled
to the CCW mode. When the optical input is set off-resonance
for the CW and on-resonance for the CCW, the forward light is
transmitted while the backward light is filtered out by the ring,
providing them the required isolation. The integrated isolator
structure has been optimized using the Finite-Element Method
(FEM), in terms of ring cross section and radius, in order to
maximize the isolation.

II. THEORETICAL MODEL

The isolator structure is shown in Fig. 1(b). A silicon ring
resonator is fabricated on a silicon-on-insulator (SOI) wafer,
having refractive index and respec-
tively. The ring is bonded with a Ce:YIG garnet

grown on a (Ca,Mg,Zr)-substituted gadolinium gallium
garnet (SGGG), , whereas the remaining space
is filled by air. Due to the high SOI index contrast, a high field
confinement factor can be achieved even with rather small ring
radius. To compute the modes and the effective index, we con-
sider an equivalent straight waveguide with

(1.a)

(1.b)

and using the full vectorial FEM [11] we solve the curl-curl
equation for the magnetic field

(2)

where is the relative permittivity tensor and is the wave-
number in vacuum. Similarly as in Jalas et al. [10], a correc-
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Fig. 2. Magnetic field for the TE-mode (first row) and TM-mode (second row).

tion factor is applied for the fields, without significant change.
By applying a static magnetic field along the radial direction
(x-axis), the Ce:YIG permittivity tensor results in:

(3)

where represents the MO effect and it is related to the
Faraday rotation constant by . In
our case rad m at nm [6]. By
implementing the node-based FEM with second order shape
functions and introducing a penalty function to move out
the spurious solutions [12], we got the quadratic eigenvalue
problem [13]:

(4)

where , , and are sparse-matrices depending only on
the geometry and the refractive index, and the entries of vector

are the unknown magnetic field values at
the interpolation nodes [11]. Equation (4) can be made explicit
with respect to by adding the equation [13]:

(5)

By solving (5), the three components of the magnetic field
and the effective refractive index have been com-
puted for the forward and backward propagating waves. TE and
TM foward propagating modes are shown in Fig. 2. It can be
seen that all three components are similar in magnitude for both
polarizations, anyway the small ratio in the
Ce:YIG and the short ring radius imply a negligible cross-po-
larization coupling via (TE) with (TM) or vice-versa.
The resonance wavelengths must satisfy the phase condition

(6)

wherem is an integer, and indicate the CWandCCW resonant
wavelengths respectively. From (6) the resonance wavelength
splitting can be estimated as ,
where is the average group index with respect to the two
directions. It is worth noting that for maximizing the optical
isolation, the minimal radius of the ring should be chosen so
that the transmission spectra for the forward and backward reso-
nances are offset at least by half of the free spectral range (FSR).
It means . Once the resonance
wavelength splitting is computed, the minimal ring radius is
identified. For larger radii the th order CCW resonance
peak results to be closer to the th CCW resonance peak, re-
ducing the isolation ratio. At the limit that the CW resonance
peak overlaps with the higher order CCW resonance peak (e.g.
FSR ), the isolation is zero. To quantitatively estimate
the isolation, we model the ring-waveguide system with the fol-
lowing equations [14], [15]:

(7.a)

(7.b)

where are the ring resonance frequencies, , , and
denote the field in the cavity, the input field in the waveguide
and the transmitted field, respectively. Moreover and are
the power coupling ratio and the intrinsic cavity loss during one
round trip time, which is denoted as , being
the group velocity. If the input optical field is sinusoidal

, then the transfer function between and is

(8)
The isolation is then computed as . It is now
useful to recall the definition of the unloaded resonator quality
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Fig. 3. TM wavelength split with respect to Si and Ce:YIG layer thicknesses.

factor , where is the loss coefficient,
and the definition of the coupling quality factor ,
which are used to estimate the full width at half maximum band-
width (FWHMB) as , where is the resonant wave-
length and .

III. NUMERICAL RESULTS

In order to guarantee single mode regime, we have consid-
ered a 600-nm wide silicon ring. The thickness of the silicon
ring and of the Ce:YIG layer have been chosen to maximize
the resonance wavelength split between the two propaga-
tion directions. Simulations have been done for different layer
thicknesses and the results have been interpolated using cubic
spline method. Contour plots of the are shown in Fig. 3. We
can clearly see that by increasing the Ce:YIG layer thickness
from 100 nm up to 350 nm, the mode, which is mainly con-
fined in the silicon, expands to the MO material, increasing the
NRPS effect. Thicker Ce:YIG-layer does not increase the split
because the field is more confined in the silicon. Vice-versa,
the maximum split can be reached when the silicon thickness
is 215 nm. The NRPS is maximized when the maximum of

is located close to the boundary of the two materials. The
same calculation for the TE mode shows a negligible split for
CW and CCW propagating TE waves. For a Ce:YIG thickness
equals to 350 nm and a ring thickness of 215 nm, we computed

nm. Imposing FSR nm, we found a min-
imal radius m, which can be used to calculate the
isolation and the FWHMB of the isolator reported in Fig. 4. The
external magnetic flux density needed to saturate the Ce:YIG is
50 Gauss and can be applied with a permanent magnet [6].
The coefficient is a crucial issue for ring-waveguide sys-

tems because it is related to the ring-waveguide distance and it
is difficult to be experimentally controlled with high accuracy.
Considering several values for the loss coefficient , the iso-
lator shows different optimum values for (Fig. 4), following
the resonance coupling condition . Note that a varia-
tion up to 15% from the optimum can still guarantee an iso-
lation higher than 20 dB. From Fig. 4, it appears that the higher
loss allowed a larger FWHMB, which is correct for smaller
than 1. On the other hand, higher ring loss implies higher inser-
tion loss and high magneto-optic effect needed (higher Faraday
coefficient or magnetic field). The isolation bandwidth can be
increased using cascaded ring resonators with similar structures
[9], while thermal tuning can be used to align the isolation band-
width with the laser wavelength.

Fig. 4. Isolation and FWHMB as functions of the coefficient .

IV. CONCLUSION

In this work we have numerically demonstrated the design
of integrated optical isolators based on bonding of a silicon ring
resonator with a nonreciprocalMO garnet using FEM. The com-
pact device has a high isolation in spite of nonideal coupling. Fi-
nally, in order to overcome the bandwidth limitation and further
enhance the isolation, cascaded ring resonators can be used.
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