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Abstract
We developed a TM mode waveguide optical isolator based on the nonreciprocal loss shift. The
isolator consists of a semiconductor optical amplifier with a NiiFe ferromagnetic bilayer electrode.
An isolation of 6.6 dB/mm was achieved for a wavelength of 1530 nm.

demonstrated a 14.7 d B / m nonreciprocal propagation in an
InGaAsP active waveguide with a ferromagnetic Fe layer [IO,
1 I]. For realizing polarization independent waveguide optical
isolators, 'I'M mode waveguide optical isolaton are also
necessary. In this paper, we report a TM mode waveguide
isolator based on the nonreciprocal loss shift.

I . Introduction
For further development of optical communication
networks, it is important to realize photonic integrated circuits
that combine various optoelectronic devices monolithically on
a semiconductor substrate. In such photonic integrated circuits,
optical isolators are indispensable for avoiding the instable
operation of the laser diodes due to undesirable reflection of
light from the transmission system. For this purpose,
waveguide optical isolators [ 1-51 have great advantage over
conventional bulk isolators. They can be monolithically
integrated with other waveguide devices such as
semiconductor lasers, optical modulators, and switches, which
contribute to the reduction of the production cost of photonic
integrated circuits.
The phenomenon of the nonreciprocal loss shift is effective
for creating the nonreciprocal function in waveguide optical
isolators Ed-91. Recently, we fabricated a waveguide optical
isolator based on the TE mode nonreciprocal loss shift and-
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II. The device structure of the TM mode waveguide
isolator based on the nonreciprocal loss shift
Fig. I shows the device structure of our TM mode
waveguide isolator based on the nonreciprocal loss shift. The
device consists of a TM mode semiconductor optical amplifier
(SOA) covered with a ferromagnetic NiiFe bilayer electrode.
The ferromagnetic layer is magnetized perpendicular to the
light propagation and parallel to the substrate. In this structure,
there is a difference in the adsorption coefficient of TM mode
. between the forward and backward propagation light (see Fig.
2). The injection current I for the SOA is adjusted so that the
net absorption loss of the forward propagating light is zero
(dashed lines in Fig. 2). Under these conditions, the device can
act as an optical isolator. Unlike conventional opticaI isolators,
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Fig. 1 Structure of the TM-mode waveguide optical isolator based
on the nonreciprocal loss shift.
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Table 1 shows parameters that we used in the simulation.
The thickness of the p-lnP cladding layer is chosen so that the

polarizers are not necessary for operation. Therefore this
isolator can be easily integrated with other optoelectronic
devices.

propagating light can interact the magneto-optical FelNi layer
and the p+ InGaAsP contact layer (PL wavelength 1400nm)
also works as optical evanescent layer for the 1550 nm light.
a, is related to the Faraday rotation in a magnetic substance.
Therefore, am are 0 in all materials except for the
ferromagnetic materials, Fe and Ni. Because light is attenuated
strongly in the n-InP layer and the Au layer, we need not set
the value of U', for these two layers need not be set.
Because of the off-diagonal elements, the Eqs. (1) for TM
mode includes a nonzero linear term in the effective
propagation constant p . Therefore, the equation has a
nonreciprocal solution to p. This produces a difference in
adsorption coefficient between forward propagating (z
direction) lighk and backward propagating (-z direction) light.
In contrast, for TE mode, there are no linear terms in the
propagation coefficient, so TE mode shows reciprocal
transmission.
Fig. 3 shows the nonreciprocal loss shift for the 1550 nm
TM mode as a function of the thickness of the separation layer
(p-InP/p+InGaAsP). This is a result calculated for a device with
a ferromagnetic layer consisting of a 5nm or 20nm-thick Ni
layer and a 100nm-thick Fe layer. In this simulation, the
thickness of the p-InP layer was fixed at 150 nm. The isolation
ratio is larger for a 5nm-thick Ni layer than for a 20nrn-thick
Ni layer. This is because for very thin Ni layer, the device is
greatly influenced by the Fe layer having strong
magneto-optical effect and small absorption loss. The
nonreciprocal loss shift of the device is 2.46 dB/mm for the
400nm-thick separation layer (p-inP/p'lnGaAsP layer) and the
20nm-thick Ni layer.

III. Simulation of the optical isolator operation
In this optical isolator, TM mode light experiences
nonreciprocal loss shift during its travel in the waveguide. The
nonreciprocal loss shift comes from the off-diagonal elements
in the dielectric tensor of the ferromagnetic layer.
When the magnetization in the ferromagnetic layer is
perpendicular to the Iight propagation (z axis) and parallel to
the substrate (x axis), from Maxwell's equations and the
boundary conditions for H, and E=,we can obtain that

where E , = nm2 (m = 1-9) ( n m is a refractive index) are
diagonal elements of the dielectric tensor in the device layers,
i.e., n-InP substrate (m = I), bottom SCH layer (m = Z), MQW
active layer (m = 3), upper SCH layer ( m = 4), p-lnP cladding
layer (m = 5), pf InGaAsP contact layer (m = 6), Ni layer (m=
7), Fe layer (m= X), and Au electrode (m= 9). Pm,a m ,
and 4,
are the propagation constant, the off-diagonal element of the
dielectric tensor which brings magneto-optical effect, and the
thickness of each layer.
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Fig. 3 Tbe calculated absorption loss by a Niffe bilayer (Ni: 5 nm or
20 nm, Fe: 100 nm) for TM mode as a function of the separation
layer (p-lnP/p+InGaAsP) thickness. In this simulation, the thickness
of the p-lnP layer was fixed at I50 nm.

0

304

structure.
Fig. 5 shows an experimental setup for measuring the
nonreciprocal loss shift of the device. Input light from a
tunable laser with an erbium-doped fiber amplifier (EDFA)
was introduced to the device. We measured the propagation
characteristics of the device by an optical spectrum analyzer
(OSA). An external magnetic filed of 1kG was applied to the
device by a permanent magnet. In this experiment, we
changed the direction (polarity) of the magnetic field instead
of changing the direction of the light propagation.
Fig. 6 shows the propagation characteristics for (a) TM and
(6) TE mode. The device was 0.75-mm long, as cleaved, and
kept at 17'C by a temperature controller. The bias current was
set to 100 mA. The incident light is of 1530 nm wavelength
and 8 dBm intensity. For TM mode, the transmission intensity
changed by 5.0 dB under a revise of the magnetic fjeld
direction. Therefore, the nonreciprocal loss shift in this device
was 6.6 dB/mm. In contrast, for TE mode, the transmission
intensity was little or no change under a reversal of the
magnetic field. Since our device operates only in TM mode,
this polarization dependence is a clear evidence of the
nonreciprocal propagation.
In this experiment, the compensation of the loss of the
forward propagating light by the gain of the SOA is not
sufficient. Therefore the absorption loss for the forward
propagating light was large- We are now developing an
improved device for smaller insertion loss.

IV. Fabrication of the prototype devices

We fabricated the TM mode SOA layer structure on an
n-InP substrate by metal-organic vapor phase epitaxy
(MOVPE). The MQW region consists of five InGaAs wells
(1 5nm-thick, 0.8%tensile-strained) and six InGaAlAs barriers
( I 2nm-thick, 0.6% compressive-strained), with InGaAlAs
separate confinement layers for TM mode amplification.
The PL wavelength of the MQW layer is 1530nm. We
fabricated the device with a separation layer consisting of a
150nm-thick p-InP layer and a 250nm-thick p'1nCaAsP layer,
and a ferromagnetic bilayer consisting of a 20nm-thick Ni
layer and a 100nm-thick Fe layer. In this device, the Ni layer
not only acts as a magneto-optic layer, but also electricalIy
connects the p'tnGaAsP layer and the Fe layer (the main part
of the ferromagnetic layer with a strong magneto-optic effect).
Fig. 4 shows the cross-sectional scanning electron
microscopy (SEM) image of the fabricated device. The
fabrication of the device was as follows. First, the ridge
waveguide was formed by a wet etching using a BflIHBrIH20
solution. The width and the depth of the waveguide were set
to 5.5 pm and 400 nm. Then, 100nm-thick A1203 layer was
deposited by a electron-beam (EB) evaporation. After that, an
,41203 layer on the top of the p'InGaAsP contact layer was
removed by a lift-off process. Finally, the Ni and Fe layers
were deposited with the EB evaporator, and their thicknesses
were about 20 nrn ,and 100 nm as mentioned above. In this
way, we successfully fabricated the simulated device
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Fig, 5 Experimental setup for measuring the nonreciprocal loss
shift

Fig. 4 Cross sectional SEM image of the fabricated TM
mode waveguide optical isolator.

305

-58

I

-60 t

-60
-62

-64

-64

m
2 -66

m

z -46

.-*.
E -68

.-z.
2 -68

c

0

Y
*

I

2 -70

5 -70

-72

-72

-74

-74

.Y

1529

1529.5

1530

1530.5

1531

ravclcneth (nm)

-76
.- 1

1529

1929.5

1330
wnvclenp;tb (nm)

1530.5

1531

Fig. 6 Propagation characteristics of the device for (a) TM and (b) TE mode, with magnetic ficlds I kG , 0 kG, and -1 kG. A nonreciprocal loss
shift was observed only for TM mode.
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ConcIusion

We demonstrated a TM mode waveguide optical isolator
based on the nonreciprocal loss shift. The simulation showed a
nonreciprocal loss shift of 2.46 dBimm for the 400nm-thick
separation layer (p-InP/p'InGaAsP layer) and the 20nm-thick
Ni layer at a wavelength of 1550 nm. Based on these
simulations, we fabricated and characterized a prototype
device for verifying the principle. In the fabricated
InGaAdInGaAIAs MQW active waveguide optical isolator,
6.6 dBimm nonreciprocal loss shift was achieved for 1530 nm
TM mode light. This is a promising result for the
semiconductor optical isolators that can be monolithically
integrated with other waveguide devices such as
semiconductor lasers, modulators, and switches.
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