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Abstract— A nonreciprocal polarization converter compatible
with InP photonic integrated circuits is demonstrated. The device
consists of an asymmetric InGaAsP waveguide combined with
a ferrimagnetic Ce:YIG layer. It makes use of the direction
dependence of the propagation of light in the waveguide. A trial
device was made using orientation-dependent etching of InGaAsP
and wafer-bonding of YIG to InGaAsP. It showed a nonreciprocal
TE-TM conversion efficiency of 38% at 1.55 pm wavelength.

Index Terms— Magnetooptic effect, photonic integrated
circuits, polarization converter, waveguide optical isolator.

I. INTRODUCTION

VOIDING problems caused by undesired reflections of

light is a matter of great importance in photonic inte-
grated circuits (PICs) [1], [2]. As a promising unilateral device
to counter this problem, this paper demonstrates a waveguide-
based nonreciprocal polarization converter (NRPC) that can
be monolithically combined with devices on a PIC.

A large-scale PIC is composed of a variety of waveguide-
based optical devices integrated on an InP substrate to create
the desired optical functions in a single chip. In such integra-
tions, connecting optical devices without the backreflection
of light along a reverse direction is indispensable because
backreflection badly affects and destabilizes the operation
of optoelectronic devices such as lasers and amplifiers. To
cope with this problem, much effort has been expended in
developing waveguide-based unilateral devices that can be
integrated monolithically with other optical devices. Leading
examples are the nonreciprocal phase-shift isolator [3], [4] and
the nonreciprocal loss isolator [5]-[7]. They both make good
use of nonreciprocal phenomena in magnetooptic waveguides.
However, they are still in the experimental stage and have
several problems. The nonreciprocal phase-shift isolator needs
a large device length (>2 mm) and a complicated fabrica-
tion process because it uses a Mach—Zehnder interferometer.
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The nonreciprocal loss isolator has a large intrinsic loss caused
by its principles of operation and therefore needs a high-gain
optical amplifier to compensate for its insertion loss.

To overcome these problems, we previously proposed a
novel unilateral device, i.e., a waveguide-based NRPC and
showed its operation with theoretical calculations [8]. This
device makes use of the nonreciprocal change of polarization
in an asymmetric semiconductor waveguide combined with a
magnetic garnet.

To materialize our idea, in this paper, we fabricate an actual
device and measure its operation to confirm the nonreciprocal
TE-TM conversion we expected. Our device is compatible
with InP-based PICs and promising as a unilateral coupler to
interconnect optical devices in the PIC.

In the following sections, we first outline the concept of our
NRPC, the structure and operation principles are explained in
Section II. We then describe the actual device made by us. Our
device is composed of an asymmetric InGaAsP waveguide
combined with a CeY,FesOjy (Ce:YIG) layer and fabri-
cated using the process technology of orientation-dependent
InGaAsP etching and YIG-to-InGaAsP wafer bonding
(Sec. IIT). We then measured the transmission of light in the
fabricated device. From the experimental data, we estimated
the nonreciprocal TE-TM conversion efficiency to be 38% at
1.55 um wavelength (Sec. IV).

II. WAVEGUIDE-BASED NRPC: PRINCIPLE
AND STRUCTURE

The function of an NRPC is the nonreciprocal TE-TM mode
conversion of light, as shown in Fig. 1. Incident light with TE
polarization passing through an NRPC in the forward direction
maintains its TE mode and goes out through the right end. In
contrast, backward propagating TE-mode light from the right
end is transformed into a TM mode in the NRPC. Inserting an
NRPC at the output port of an optical device can suppress the
detrimental effect of backreflected light because most optical
devices designed for use in TE polarization are insensitive to
TM light. [This is so because most active optical devices use
compressive-strained quantum wells to induce the heavy-hole
and light-hole band splitting (HH-LH splitting). The HHs and
LHs interact with TE- and TM-polarized light, respectively,
and the HH band is lower in energy than the LH band because
of the HH-LH splitting. Therefore, in devices designed for
TE-mode operation, TM reflected light with the same wave-
length hardly induces stimulated emission in the device.]

0018-9197/$26.00 © 2010 IEEE
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Fig. 1. Function of NRPC.

If necessary, we can make an isolator by attaching a waveguide
polarizer or splitter to the NRPC [9], [10].

A. Principle of Waveguide-Based NRPC Device

To make a waveguide NRPC compatible with InP-based
PICs, we previously proposed a device shown in Fig. 2(a) (see
[8] for details). Our device is a magnetooptic waveguide con-
sisting of an asymmetric InGaAsP waveguide and a ferrimag-
netic cerium-substituted yttrium iron garnet (Ce:YIG) layer
attached on the top of the waveguide. The InGaAsP waveguide
has an asymmetric cross section with a right trapezoid shape,
as shown in Fig. 2(b). The YIG layer is magnetized in the
x direction, and light travels in the z direction.

Incident TE-polarized light excites two rotated orthogonal
modes of polarization [denoted by mode 1 and mode 2 in
Fig. 2(b)] in the asymmetric waveguide [11]-[13]. Because
of the magnetooptic transverse Kerr effect, the mode bire-
fringence of light traveling in the waveguide differs between
forward and backward propagations. As a result, the beat
length of light can also be different between forward and
backward directions. To make an NRPC, we first set the
rotation angle ¢ of the orthogonal axes to z /4 so that the
incident TE light will excite the two rotated modes equally.
We then set the beat length L for backward propagation twice
as large as that for forward propagation, that is

27 T
1Big — Barl  |B1b — PBasl
where Bir, foy, and Pip, fop are the forward and back-
ward propagation constants of orthogonal modes 1 and 2.
These conditions can be satisfied with appropriate values of
waveguide parameters w, i, and . With these conditions, the
two excited modes recombine into a TE mode for the forward
propagation and into a TM mode for the backward propagation
at distance L from the incidence point. This is illustrated with
Fig. 3. Thus, the device with a length L operates as an NRPC.

(1

B. Designing the Structure of the Device

To optimize the structure of the device, we performed
electromagnetic calculation to confirm the device operation
at 1.55 um wavelength. We first calculated the distribution
of electromagnetic field in the xy plane to determine the
optimized cross-sectional structure of the device, with the aid
of computer simulation based on the finite-difference method.
Then we calculated the propagation pattern of light in the
z direction, using the vectorially corrected approach [14], [15].
(See [8] for details of our calculation.)
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Fig. 2. NRPC consisting of asymmetric InGaAsP waveguide with ferrimag-
netic Ce:YIG. (a) 3-D view of NRPC on InP substrate. (b) Cross sectional
view.
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Fig. 3. Principle of nonreciprocal TE-TM conversion. Incident TE mode
is resolved into two eigenmodes 1 and 2 with forward propagation constants
P1f — P2y and backward ones B1f — f ¢, then recombined into TE mode
for forward propagation and into TM mode for backward propagation.

In our calculation, we used the following device parame-
ters. The composition of the InGaAsP waveguide was set to
Ing 75Gag 25As0.54P0.46 (absorption edge = 1.25 um). The
refractive index is 3.16 for InP, 3.40 for InGaAsP, and 2.2
for Ce:YIG. The Faraday rotation coefficient of Ce:YIG is
—4500 deg/cm at 1.55 um. The base angle 6 of the waveguide
trapezoid was set to 54° [angle for (111) plane] because, as
will be explained in the next section, we made the trapezoid-
shaped waveguide by means of orientation-dependent chem-
ical etching of an InGaAsP(100) plane. With the aid of
computer simulation, we determined the optimal cross section
of the waveguide as # = 1.1 yum and w =1 um.
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Fig. 4. Half-beat length and rotation parameter as a function of base length
w, calculated for altitude 7 = 1.1 um.

Fig. 4 depicts the calculated values of the half-beat length
and the rotation parameter as a function of w for h =
1.1 um. The rotation parameter R gives the angles ¢ and #
[see Fig. 2(b)] of eigenmodes as

tan™! (—i) .
R

The efficiency of TE-TM conversion takes the maximum at a
distance of half-beat length, and the maximum value increases
as R increases. A complete conversion can be obtained for
R = 1; that is, angle ¢ should be 7 /4. The rotation parameter
decreases as w and h increase. This is so because light
is mainly distributed in the central part of the waveguide,
and therefore an increase in the cross-sectional size of the
waveguide decreases the asymmetry that light experiences
during its propagation.

The necessary conditions for efficient nonreciprocal conver-
sion are: 1) rotation parameter R = 1 to achieve a complete
TE-TM conversion, and 2) backward half-beat length twice
as large as forward one so as to satisfy (1). With the results
of Fig. 4, we determined the optimal cross-sectional structure
of the waveguide to be w = 1.0 gum and 2 = 1.1 gm. In
this simulation, smaller devices (w < 0.9 um) were not taken
into account because it is not easy to make such small devices
with our existing process technology.

For TE-polarized incident light, we calculated the power
distribution of light along the z-axis in the waveguide.
Fig. 5 shows the results plotted as a function of propagation
distance for forward [Fig. 5(a)] and backward [Fig. 5(b)]
propagation. There is no TM component at z = 0 because
we assumed a TE-polarized input. As light travels in the
waveguide, polarization conversion between TE and TM is
repeated periodically. The period for backward propagation
is twice as large as that for forward propagation, and this
causes the nonreciprocal conversion. Forward-propagating
TE-mode light returns to TE mode after traveling a distance
of 0.27 mm, which corresponds to L given by (1). In contrast,
backward-propagating TE-mode light is converted into TM
mode after traveling the same distance. Therefore, the optimal
length of the device for nonreciprocal conversion is 0.27 mm.
The performance index of the device is given by the NRPC

o1 = [ran™! (R)

. Anl = )
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Fig. 5. Power distribution along the z-axis as a function of the propagation

distance for TE-polarized input, for (a) forward and (b) backward propagation.
(Solid curve) power distribution of TE component of light. (Dashed curve)
power distribution of TM component.

efficiency, which is the conversion efficiency with which
backward TE light is converted to TM in the device. An
NRPC efficiency of 93% can be expected in our device.

III. CONSTRUCTING THE DEVICE

To confirm our idea with actual devices, we made the
trial device shown in Fig. 6. The device consists of an
asymmetric InGaAsP waveguide grown on an InP substrate
and a ferrimagnetic Ce:YIG layer bonded to the waveguide.
Three NRPCs (three waveguides) on the substrate are shown in
the figure. Square-shaped dummy InGaAsP regions (islands)
were arrayed on both sides of each waveguide to support the
YIG layer. The process for device formation was as follows.

A. Epitaxial Growth of InGaAsP on InP Substrate

The initial substrate was a non-doped 350-um thick InP
wafer with the crystal surface in the < 100 > orientation.
A non-doped InGaAsP layer of 1.1 um thickness was grown
on the substrate using metal-organic vapor-phase epitaxy in
an RF-heated quartz reactor. The carrier gas was hydrogen
(H»). The source materials, mixed with the carrier gas, were
trimethylindium [(CH3)3In], triethylgallium [(C2Hs)3Gal, ter-
tiarybutylarsine (TBA), and tertiarybutylphosphine (TBP).
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Fig. 6. Structure of NRPC device we made. Three NRPCs on InP substrate
are shown. Square-shaped dummy InGaAsP regions (islands) were arrayed on
both sides of each waveguide to support the YIG layer.

The growth temperature was 610 °C, and the growth rates
was 20 nm/min. Under these conditions, the composition
of the grown layer was Ing75Gag25As0.54P0.46 (absorption
edge = 1.25 um), which is lattice-matched to InP.

B. Forming Asymmetric Waveguides

The InGaAsP layer grown on the InP substrate was formed
into asymmetric waveguides with a right-trapezoid cross sec-
tion. Fig. 7 illustrates the forming process we used, showing
the changing cross section of the waveguide. The process was
as follows: A photoresist mask in the form of a waveguide
pattern was made on the surface of the InGaAsP epitaxial
layer [Fig. 7(a)]. The InGaAsP layer was etched chemically,
using a mixture of Brp, HBr, and H,O [Fig. 7(b)]. This etching
is anisotropic and attacks InGaAsP (and InP) preferentially in
the (100) plane, thereby producing an asymmetric waveguide
having a trapezoidal cross section with a base angle of 54°.
By controlling a mixing rate of Bry, HBr, and H,O, we set
the underetching rate of InGaAsP to 600 nm/min. We formed
resist patterns with different widths of 2.0,2.2,2.4,2.6, and
2.8 um on the same substrate. After that, using underetch-
ing, we obtained waveguide patterns with reduced widths of
0.8,1.0,1.2,1.4, and 1.6 um. The photoresist mask was then
removed [Fig. 7(c)]. A 200-nm SiO, layer was deposited on
the wafer by means of oblique-angle electron-beam deposition.
The left side of the waveguide was in the shadow of the
waveguide and, therefore, not covered with SiO;.

The exposed region of the waveguide (and the substrate)
was vertically etched using reactive-ion etching with Cly in
an inductively coupled plasma reactor [Fig. 7(d)].

The SiO; layer was removed using buffered HF [Fig. 7(e)].
Fig. 8 shows the cross-sectional image observed with scanning
electron microscopy.

This way, we made an asymmetric waveguide with an upper
base w of 1 um. We also made waveguides with w = 1.2 ym
and w = 1.4 um for comparison.

C. Wafer Bonding of Ce:YIG to InGaAsP Waveguides

A Ce:YIG layer was bonded directly to the InGaAsP
waveguide [Fig. 6(f)] [16]. The Ce:YIG we used was a
500-nm thick epitaxial Ce:YIG grown on a (111) (Ca, Mg,
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Fig. 7. (a)—(f) Forming process for asymmetric waveguides. In step (b),
InGaAsP (111) plane (angle of 54°) was exposed with wet chemical etching
using a mixture of Brp, HBr, and HpO.
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Fig. 8. Cross section of asymmetric waveguide observed with scanning
electron microscopy.

Zr)-doped Gd3zGasO12 (SGGG) substrate with a thickness of
450 um. To secure the adhesion between the bonded wafers,
surface cleaning and activation of Ce:YIG and InGaAsP were
necessary before bonding. As pretreatment, the surfaces of
the Ce:YIG layer of the InGaAsP waveguide were slightly
etched in dilute H3PO4 and HF, respectively. After that, two
wafers were loaded into a vacuum chamber and exposed to
an O; plasma for activating their surfaces. The Ce:YIG layer
and the InGaAsP/InP wafer were brought into contact with a
compression pressure of 1.5 MPa and heat-treated for 1 h at
250 °C in a vacuum chamber. This way, we bonded a 2.3-mm
square YIG/GGG wafer to the InGaAsP/InP waveguide wafer
with dimensions 2.3 mm by 3.4 mm.

D. Structure of Trial Devices

Fig. 9 shows the plane view of a trial device we
made to confirm nonreciprocal polarization conversion; seven
waveguides lying right and left on a device are shown. The
total length is 3.4 mm and the length of the Ce:YIG/SGGG
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Fig. 9. Plane view of the device. Right side, by 1.1 mm in width, is not
covered with Ce:YIG/GGG wafer.

is 2.3 mm. For the following optical measurements, we had
to align an input optical fiber to one end of an individual
waveguide of the device. To make this alignment easy, we left
the right side of the device uncovered with the Ce: YIG because
it was quite difficult through a thick Ce:YIG/SGGG wafer
to measure the accurate vertical position of the waveguide.
Fig. 10(a) and (b) shows enlarged oblique views of regions
that are uncovered with the Ce:YIG/SGGG wafer.

For practical use, we have to make a 0.27-mm long
waveguide (see Sec. II) covered wholly with a Ce:YIG layer
and connect an optical fiber to the waveguide. For the present,
however, we cannot yet manipulate such small devices for
bonding, nor can we align fibers to wholly Ce:YIG-covered
waveguides. Therefore, we used the trial device shown in
Fig. 9 for measurements. From the measured data, we
estimated the performance of the 0.27-mm long wholly
Ce:YIG-covered device. The results are described in the next
section.

IV. DEVICE OPERATION

We confirmed that our device functioned successfully as an
NRPC at 1.55 gm wavelength. Fig. 11 shows our experimental
setup for measurement. As a light source, we made use of
the amplified spontaneous emission (ASE) produced by an
erbium-doped fiber amplifier. The ASE light was converted
into TE-polarized light with a polarization controller and led
to the device under test with an optical fiber. The light traveled
through the device and went out through the left end. The
output light from the device was collected by a lens and
then measured with a power monitor (PM). The output light
included a TM component in addition to the TE component.
To measure the power separately for each component, we
placed a TE-mode polarizer and then a TM-mode one in front
of the PM. From measured power data for TE and TM, we
calculated TM-conversion efficiency, i.e., the efficiency with
which incident TE light is converted into TM in the device.

To operate the device, a magnetic field was applied par-
allel to the surface of the device and perpendicular to the
waveguide. During measurement, the magnetic field for the
device was set to 0.1 T. To measure the operation for forward
and reverse propagations of light, we changed the polarity of
the magnetic field instead of changing the direction of light
propagation itself. The device was kept at 20 °C during the
measurement.
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Fig. 10. Enlarged oblique views of trial device. (a) Waveguides and
supporting islands. (b) Around the edge of Ce:YIG/SGGG wafer.
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Fig. 11. Experimental setup to measure nonreciprocal polarization conversion
in device.

Fig. 12 shows the transmission spectra of the device. The
power of the output light from the device is plotted as a func-
tion of wavelength for TE-polarized and TM-polarized light.
Fig. 12(a) is for forward propagation and (b) for backward
propagation. The measured power varied with wavelength, this
reflects the spectrum of the ASE light itself and is unrelated
to the transmission characteristics of the device. Indeed, TM-
conversion efficiency was almost independent of wavelength.
The TM-conversion efficiency was different between forward
and backward propagations, and this is positive proof for non-
reciprocal rotation of the polarization plane of light traveling
through the device. The intrinsic propagation loss in the device
was about 6 dB, and the loss caused by the measurement
system was estimated to be 22.5 dB. Fiber to the device
coupling loss (about 7.5 dB) plus free-space coupling loss
through the lens (about 15 dB).
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Fig. 12. Transmission power as a function of a wavelength from 1.52 to

1.58 um for TE and TM light. (a) Forward and (b) backward propagation.

Fig. 13 plots TM-conversion efficiency as a function of
waveguide width w for forward and backward propagation.
Nonreciprocity was observed clearly for widths of 1 gm (the
optimal width) and 1.2 um.

As explained in Section III, our trial device had a part
that was not covered with Ce:YIG (see Fig. 9), and this
naked part produced reciprocal rotation of polarization. In
addition, the trial device was longer than the optimum
(= 0.27 mm), and this caused excessive rotation of polar-
ization. The measured data shown in Figs. 12 and 13 include
these unnecessary effects. We therefore quantified these effects
with calculation using the Jones matrix method and deducted
them from the measured data to estimate the NRPC efficiency
(TM-conversion efficiency for backward propagation) for the
0.27-mm long wholly YIG-covered device. The result is
shown in Fig. 14 as a function of waveguide width w. With
our present technology, an NRPC efficiency of 38% can be
obtained for w = 1 um. NRPC efficiency decreases as
waveguide width w increases. This is so because light is
mainly distributed in the central part of the waveguide, and
therefore an increase in cross-sectional size of the waveguide
decreases the asymmetry that light experiences during its
propagation.

V. DISCUSSION AND CONCLUSION

In this paper, we demonstrated an NRPC compatible with
InP-based PICs for avoiding problems caused by undesired
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Fig. 13. TM conversion efficiency for forward and backward propagation as
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Fig. 14. Estimated NRPC efficiency of 0.27-mm long wholly YIG-covered
device at 1.55 um wavelength.

reflections of light. Using the experimental data, we estimated
that the NRPC made with our present technology has an
efficiency of 38%.

This efficiency is lower than the value (= 93%) we expected
theoretically in Section II. One of the possible factors behind
this is bonding nonuniformity across the device. It is not
easy to achieve good adhesion between Ce:YIG and InGaAsP
wafers over a large area. There is a possibility that bonding
was imperfect in part of our trial device. One effective method
of achieving better bonding is Ar-beam surface-activated bond-
ing (SAB) [17]. We are now applying SAB to the wafer
bonding of Ce:YIG and GalnAsP.

A more probable and important factor is that the shape of
the waveguide in our trial device was not a perfect rib. For
high NRPC efficiency, the InGaAsP asymmetric waveguide
has to lie on a flat InP substrate as shown in Fig. 2. In
practice, however, the substrate is not flat and the waveguide
has a raised-floor structure, as shown in Fig. 7, because
of the overetching in the formation of the waveguide. This
probably affects the excitation of the two orthogonal modes
in asymmetric waveguides (see [18]), thereby greatly reducing
the NRPC efficiency of the device. This can be prevented if
we can find an etchant that attacks InGaAsP but barely attacks
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InP. We are now refining our fabrication technique to make a
complete device for practical use.
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