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Chapter 1:

Introduction

1.1 Introduction

The spread of the Internet has led an explosive demand for communication-network systems.
New multimedia services such as database queries and updates, music distribution, video
streaming, and real-time voice telephone increase the data traffic. Several internet service
companies in Japan provide broadband access technologies with digital subscriber lines
(DSL), cable television (CATV), and fiber to the home (FTTH). The number of the subscriber
is more than 23 million, and especially that of the FTTH is more than 5 million which is
increasing rapidly [1]. The optical fiber communication is promising technology for
high-capacity network and international backbone systems.

The first breakthrough of optical fiber communication is the invention of the laser in 1960
[2]. Lightwaves from the coherent source can carry enormously large amounts of information
compared with radiowaves and microwaves. Also the transmission channel, namely the
optical fiber has been the dramatic improvement of low-loss transmission in 1970 by Corning
Glass Works in the United States [3]. Now typical loss of optical fibers is in the range of 0.2
dB/km at a wavelength of 1550 nm that is almost the lowest loss predicted theoretically in a
silica fiber [4]. The transmission capacity upto 10 Gbit/s are widely installed and 40 Gbit/s
systems are ready to be installed in Japan. In the mid-1990s, a use of erbium-doped fiber
amplifier (EDFA) and wavelength-division multiplexing (WDM) offers a further boost in
fiber transmission capacity to higher levels and to increase the transmission distance. The
basis of WDM is to use multiple sources operating at slightly different wavelengths to
transmit several independent data streams over the same fiber. This system has high flexibility
to provide new network architectures as well as high capacity [5].

Recently, the optical communication systems are attracted to not only a long-haul
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transmission but short distance transmissions such as rack-to-rack, board-to-board, and
chip-to-chip due to its high capacity. In such systems, integrated optics, which usually denotes
an optical waveguide device on transparent substrate such as glass, lithium niobate, or
semiconductor, is desired to reduce the cost and size by integrating them high-densely on a
single chip. The advance of the integrated optics pioneers a new field of optoelectronics that

integrate optical and electronic devices on the same semiconductor platform monolithically.

1.2 Optical isolators

When light travels through a fiber link, some optical power gets reflected at refractive-index
discontinuities such as in splices, couplers, and filters, or at air-glass interfaces in connectors.
The reflected signals can degrade both transmitter and receiver performance. In high-speed
systems, this reflected power causes optical feedback which can induce laser instabilities
caused by enhanced effect of carrier vibration [6], mode hopping phenomena among external
cavity modes [7], transition to a chaotic state [8], and effect of coherence collapse [9]. These
instabilities appear as either intensity noise (output power fluctuations), jitter (pulse
distortion), or phase noise in the laser, that can change its wavelength, linewidth, and
threshold current. Since they reduce the signal-to-noise ratio, these effects cause power
penalties in receiver sensitivities. Multiple reflection points set up an interferometric cavity
that feeds power back into the laser cavity, thereby converting phase noise into intensity noise.
And the multiple optical paths occurs the appearance of spurious signals arriving at the
receiver with variable delays. Unfortunately, these problems are signal-dependent, so that
increasing the transmitted or received optical power does not improve the bit-error-rate
performance. To eliminate reflections, optical isolators are essentially needed.

Figure 1.1 shows a schematic configuration of an optical transmission system. A
distributed-feedback laser diode (DFB-LD), capable of single-mode operation in high-speed
modulation owing to its high coherence, must be protected by an optical isolator within the
transmitter module [10]. In addition, optical amplifiers such as EDFA enables system
designers to remove the bottleneck in electronics in regenerated subsystems, where optical

isolators are connected the both sides of the EDF to prevent amplifying noise signals.
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Consequently, optical isolators are indispensable to construct high-performance optical fiber

link systems.
Optical ] Optical
fiber ~ Optical fiber
Transmitter amplifier Receiver
—Il» - . >
.| Drive Drive >
data _y| circuits circuits > data
Lens EDF
Isolator
LD fiber
D —

Pump-LD

Fig. 1.1 Schematic configuration of optical transmission system.

An optical isolator using magneto-optic effect is so-called magneto-optical isolator. It is
typically composed of a magneto-optic garnet such as yttrium iron garnet (YIG) which has
magneto-optic effect with small optical absorption in the near-infrared region where optical
fiber communication is developed.

Figure 1.2 shows a schematic drawing of a bulk isolator. It is based on the Faraday
rotation in a magneto-optic material. A Faraday rotator is set between two polarizers whose
transmission polarization planes are angled by 45° to each other. The polarization plane of
forward traveling wave passing through the left-hand polarizer is rotated by 45° in the
Faraday rotator and pass through the right-hand polarizer. Backward traveling wave which
has 45° rotated polarization are selected by the right-hand polarizer. Since the Faraday rotator
rotated the polarization by 45° nonreciprocally, backward traveling wave is eliminated by the
left-hand polarizer.

Calcite crystals or birefringent materials are used as the polarizer. The Faraday rotation
angle is proportional to the Faraday rotation coefficient of the material that determines the
total device size. Since a bulk YIG crystal has small Faraday rotation coefficient (~200

deg/cm) and requires large external magnetic field, miniaturization of magneto-optical
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isolators has been an issue to be solved. Recently, a bismuth-substituted gadolinium iron
garnet film such as (GdBi)3;(FeGaAl)sO1, which is grown by liquid phase epitaxy (LPE) and
has large Faraday rotation coefficient (~1500 deg/cm) is usually used for bulk isolators [11].

Figure 1.3 shows a configuration of bulk isolator for polarization-independent operation.
Birefringent materials are used as polarization splitters, which combine the different
polarization waves into the output fiber in the forward direction, while distract them from the
input fiber in the backward direction.

These bulk isolators are realized with an extinction ratio between the forward and
backward direction, so-called an isolation ratio, more than 35 dB and an insertion loss less
than 0.8 dB. In a high-speed transmission system, two isolators are typically cascaded to
achieve a high isolation ratio more than 55 dB [12].

At present, commercially available isolators are only bulk types. Unfortunately, the bulk
isolators are not suitable for integration because of assembling process of the magneto-optic
garnet, polarizers, and lens for focusing the light. The absence of waveguide isolator is a
bottleneck for reducing the cost of light source modules and realizing integrated optical
circuits. A waveguide isolator is highly desired.

45°Faraday
Rotatior (,J

Forward Traveling

Backward Traveling

polarizer Magnetic field

Fig. 1.2 Bulk isolator.

Faraday rotator (+45%) Half-wave plate (+45°)
Birefringent material \ ‘/ Birefringent material
- ~
ﬁber:I > \“-——— e B
-
~ -
.q________-..---..__-__l.q__"'_l fiber

——p Forward
%~ = = Backward

Fig. 1.3 Polarization-independent bulk isolator.
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1.3 Waveguide isolators

In this section, several kinds of waveguide isolator that many researchers have investigated

are overviewed. The principle of operation and the demonstrated performance are discussed.

1.3.1 Faraday rotation type

Figure 1.4 shows a waveguide isolator based on TE-TM mode conversion. The principle of
operation is based on a Faraday rotation used in a bulk isolator. In a planar waveguide, lights
propagate as two orthogonal eigenmodes, transverse electric (TE) mode or transverse
magnetic (TM) mode. Since it is difficult to construct 45°-rotated polarizer on a planar
waveguide, additional 45° reciprocal polarization conversion is installed. Then the total
polarization rotation is 0° or 90° depending on the propagation direction. Ando et al.
demonstrated the waveguide isolator with Cotton-Mouton effect for the reciprocal
polarization conversion [13]. This effect is based on a magnetic linear birefringence in a
magneto-optic material obtained when its magnetization vector turns to a direction tilted from
the film normal in perpendicular to the light propagation as shown in Fig. 1.4. The laser
annealing with about 1200 C° at the spot can change the direction of the magnetization that
forms the Faraday and Cotton-Mouton regions in a same magneto-optic film plane. The
optical isolator was constructed by splitting the converted light with rutile prisms and the
isolation ratio of 12.5 dB at A= 1150 nm was reported.

There is a problem that the difference in phase velocity (phase mismatch) between TE and
TM modes determines the upper limit of the polarization conversion. In Ref. [14], a condition
of phase matching is carefully analyzed and the fabrication tolerance in an isolator setting is
turned out to be very strict.

Another type of the waveguide isolator using the Faraday rotation is a semi-leaky isolator
as shown in Fig. 1.5 [15-16]. The isolator is based on the coupling between TE guided and
TM radiation modes in a thin-film magneto-optic waveguide and an anisotropic cladding layer.
Two kinds of mode coupling occur concurrently. One is a gyrotropic longitudinal mode
coupling by the Faraday rotation in the guiding layer, and the other is an anisotropic polar

coupling by the birefringence of the cladding layer. These couplings are set so as to be
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cancelled in the forward direction but added in the backward direction. Since the waveguide
structure is cut-off for the coupled TM modes, therefore called “semi-leaky,” an optical
isolation is obtained as the light propagation. Compared with the mode conversion isolator
described above, the coupling efficiency of the semi-leaky isolator is insensitive to the phase
matching because the coupled radiation modes exist continuously.

This isolator was firstly proposed by Yamamoto et al. but it is required to realize a
continuous layered-structure of magneto-optic garnet and an anisotropic material without any
gap. Recently the isolator was fabricated and demonstrated with an isolation ratio of 20.2 dB
at A= 1550 nm in our group [17]. A cerium-substituted yttrium iron garnet (Ce:YIG) as the
magneto-optic layer and LiNbO3 as the anisotropic layer were bonded directly by the surface

activated bonding (this technique is described more in detail in Chapter. 3).

TM mode cut filter

Cotton-Mouton part

Faraday part

Output

z

\ :. 221 Ny
e i o T -
2 \ . Mag nietic fie

LoScaxis T —
14—

e S _—
S —

— Magneto-optic film
Substrate

Fig. 1.5 Semi-leaky isolator.
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1.3.2 Nonreciprocal phase shift type

Nonreciprocal phase shift is a direction-dependent change of the propagation constant which
occurs for one propagation mode propagating in a magneto-optic waveguide when an external
magnetic field is applied transversely to the light propagation direction [18]. Since phase
matching is not required, this effect is insensitive to the fabrication errors and suitable for a
waveguide isolator.

Auracher et al. firstly proposed a Mach-Zehnder interferometer (MZI) configuration in
which nonreciprocal and reciprocal phase differences between two interferometer arms are
induced [19] and many researchers have intensively investigated with this configuration
[20-24]. Figure 1.6 shows the schematic diagram of the isolator. By applying external
magnetic fields to the two arms in anti-parallel direction, where the nonreciprocal phase shift
is yielded with different sign, the nonreciprocal phase difference of —n/2 or +n/2 is induced
depending on the propagation direction between two interferometer arms. A reciprocal phase
difference of +r/2 given by an optical path difference cancels it in the forward direction but is
added to it in the backward direction. Therefore the MZI isolator exhibits constructive and
destructive interferences in respective direction.

Fujita et al. fabricated this type of isolator with (Bi,Lu,Nd)s(Fe,Al)sO1, garnet film, and
demonstrated an isolation ration of 19 dB at A= 1540 nm [23]. Yokoi et al. proposed an
improved design of the MZI configuration with different upper cladding layers in two arms to
simplify the magnetization, and demonstrated an isolation ratio of 9.9 dB at A= 1550nm [24].
When the magnetization is aligned in the film plane, a nonreciprocal phase shift is induced in
TM mode. On the other hand, when the magnetization is aligned vertically to the film plane, it
is induced in TE mode. Two research groups have proposed a polarization-independent
isolator using TE and TM mode nonreciprocal phase shift in a MZI simultaneously.
Zhuromskyy et al. used horizontal and vertical domain walls in the magneto-optic guiding
layer [25] and Fujita et al. used different side cladding layer [26].

The author has also studied about the improvement of the magneto-optical isolator with

the MZI configuration in this dissertation. The objective is mentioned in the Section 1.5.
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Nonreciprocal phase shifter

Reciprocal phase shifter
Output
,f-~’=—}: =
-] Magnetic field =

---_../ -3
S\ ‘
Input

Magneto-optic layer

Substrate

Fig. 1.6 Mach-Zehnder interferometric isolator employing nonreciprocal phase shift.

Shintaku et al. proposed and demonstrated another configuration of a waveguide isolator
employing nonreciprocal phase shift in conjunction with nonreciprocal guided-radiation mode
conversion [27]. Figure 1.7 shows the device structure and the relationship of the propagation
constants required for the isolator operation. The directional-dependent propagation constants
for TM modes provided by the nonreciprocal phase shift are set to across the propagation
constant of the TE radiation mode. Then the TM mode with smaller propagation constant is
converted to the TE radiation mode. Applying the external magnetic field with a little
component of light propagation direction, the conversion efficiency is enhanced. An isolation
ratio of 27 dB at A= 1535 nm was reported. A large amount of the nonreciprocal phase shift is
required to achieve the design such that one mode is guided but the other is cut-off.

Many other configurations of a waveguide isolator employing nonreciprocal phase shift
were proposed by a research group of Osnabriick University. They proposed a nonreciprocal
directional coupler [28], a nonreciprocal multi-mode interference isolator [29], a cross strip
isolator utilize an nonreciprocal interference between fundamental mode and first-order mode
[30], and also a nonreciprocal mode conversion using combination of Faraday rotation and
nonreciprocal phase shift [31]. However, since the amount of the nonreciprocal phase shift
itself is small, the MZI configuration is the most superior in the device size, fabrication

tolerance, and operation bandwidth.
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y Rib waveguide

£ Magnetic Magneto-optic film
field
0 7
a ’
@ Substrate
B B
| | O-> B (TE mode)
s
Radiation modes
N

J ! D > ¥ (TM mode)
BYC BYILB BYIIF
(b)
Fig. 1.7 Nonreciprocal mode conversion isolator employing nonreciprocal phase shift. (a)
Devise structure and (b) relationship of the propagation constants required for the isolator

operation.

1.3.3 Nonreciprocal loss shift type
A new concept of waveguide isolator using a magneto-optic effect in a ferromagnetic metal
contact was proposed by two research groups. Takenaka et al. used InGaAsP active layer
grown on InP substrate and Ni or Fe ferromagnetic layer [32], and Zayets et al. used
GaAsP/AlGaAs-quantum well (QW) active layer grown on GaAs substrate and Co
ferromagnetic layer [33]. Figure 1.8 shows the layer structure and the diagram of the complex
effective refractive indices in the isolator operation. This waveguide is a semiconductor
optical amplifier (SOA) as well as a magneto-optical waveguide. By magnetizing the
ferromagnetic metal in a direction transversely to the propagation direction, the magneto-optic
Karr effect induces a nonreciprocal complex index change, that is, the direction-dependent
change in the optical absorption loss as well as phase shift. The loss in the forward direction is
compensated by the gain of SOA. Consequently, this isolator is transparent in the forward
direction and the remaining loss in the backward direction extinguishes the reflected lights.
The position of the ferromagnetic metal and the direction of its magnetization determine
the operating polarization. When they are arranged as shown in Fig. 1.8, the nonreciprocal

loss shift occurs in TM mode. Whereas, when the metal layer is located on the side of the
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waveguide and the magnetization is aligned transversely to the waveguide plane, the
nonreciprocal loss shift occurs in TE mode. The isolator operations were demonstrated in TE
mode with the isolation ratio of 14.7 dB/mm [34] and in TM mode with that of 9.9 dB/mm
[35].

The problem of this isolator is the ASE noise of SOA. Nonetheless, this waveguide
isolator is one of the most suitable configurations for integration with a semiconductor laser

diode.

* -
Ka Nett =n—K
______________ .B kward ladding |
Nonreciprocal O/¢ ackwar cladding layer
loss shift / C.> guiding layer
F-- ! . active gain layer
1 | Isolation
SOA gain il; ¢4 Forward :]: guiding layer
0O ! »
A4 »
> cladding layer
Nonreciprocal n y
phase shift

X z

Fig. 1.8 Nonreciprocal loss shift isolator. (a) Operation principle and (b) the device structure.

1.4 Integration technology

These waveguide isolators except the nonreciprocal loss shift type are basically composed of
a magneto-optic garnet thin-film waveguide grown on a lattice-matched garnet substrate, such
as Bi or Ce substituted rare-earth iron garnet film on a gadolinium gallium garnet (GGG)
substrate. It is impossible to deposit the film epitaxially on a semiconductor or a silica
substrate. This makes it difficult to integrate a waveguide isolator with other optical devices.
Optical hybrid integration is a promising way of producing a low cost and highly
functional optical component. Sugimoto et al. demonstrated a hybrid integrated waveguide
isolator by assembling a magneto-optic waveguide, thin-film half-wave plate sheet, and
thin-film polarizer sheets on a silica-based planar lightwave circuit (PLC) as shown in Fig. 1.9
[36]. They realized a high isolation ratio of 25-34 dB at A= 1550 nm, and also a

polarization-independent operation by using a MZI configuration [37].
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However, the insertion loss of 2.3-3.2 dB is mainly dominated by the reflection loss at the
interfaces of each component. In addition, high accuracy of the alignment position is required
to achieve the low insertion loss. Hence, it is preferable to configure the monolithically

integrated optical isolator.

45" NRWR (garnet waveguide)

! 45" reciprocal rotator

{ polyimide half-wave plate,16 pm-thick)

Pcnnanu,nl magnet

Terraced sﬂlcon for l-'alanzer - SBW
45'NRWR assembly (LAMIPOL, 20pm-thick) { 3mm [W) x 3mm (L) x Imm (T))

Fig. 1.9 Configuration of hybrid integrated waveguide optical isolator [36].

Debnath et al. used a magnetic semiconductor Cd;.xMnyTe which can be grown on a GaAs
substrate for an integrated isolator [38]. The maximum mode conversion efficiency of
98%+2% at A= 735nm was reported. The conversion length of about 1.6 mm, the applied
external magnetic field of 5.5 kG, and the optical loss of 0.2 dB/cm led a magneto-optical
figure-of-merit of 1000 deg/dB/KG.

Guo et al. fabricated a magneto-optical semiconductor by doping Fe into InP or InGaAsP
[39]. Magnetic dopants couple to the free carriers in a semiconductor to dramatically enhance
the Faraday rotation due to interband transitions. With an appropriate choice of magnetic
dopant, the free carrier concentration can be reduced along with free carrier absorption, and it
is possible to simultaneously enhance the magneto-optical activity and reduce the optical
absorption of a semiconductor. A 45° Faraday rotation with a Verdet coefficient of 23.8
deg/cm/T and the insertion loss of 1.66 dB at A= 1550 nm were reported.

Although these magnetic semiconductor waveguides are suitable for monolithic

integration with semiconductor optical active devices, the magneto-optic effects are still
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smaller than that of magneto-optic garnet. Integrating technology by adhesives such as an
epoxy and solder is reliable for hybrid integrated devices. However, they cannot be applied to
monolithic integration as an intermediate thin layer because of the difficulties in controlling
the thickness and its uniformity. A wafer direct bonding technique is one of the promising
solutions to overcome this problem.

Wafer direct bonding is a phenomenon that two flat and clean wafers are directly bonded
without any adhesives. Yokoi et al. proposed a use of direct bonding technique to realize a
magneto-optic waveguide with a semiconductor waveguide GalnAsP/InP and a magneto-optic
upper cladding layer as shown in Fig. 1.10 [40]. It enables one to realize a semiconductor
laser diode monolithically integrated with a magneto-optical isolator by using epitaxial
selective area growth technique of semiconductor waveguides [41]. Moreover, it was found
that waveguide structure of Si based on a silicon-on-insulator (SOI) substrate with a
magneto-optic upper cladding layer has large nonreciprocal phase shift [42,43]. Due to the
strong optical confinement in the Si waveguides, the total device size can be miniaturized
dramatically. In addition, the field of Si photonic device is the most attractive in the recent

years. It is mentioned more in detail in Chapter 3.

Nonreciprocal phase shifter

Reciprocal phase shifter

MMI coupler

CeYz2FesO12 (Ce:YIG)
GalnAsP

InP

Fig. 1.10 Integrated isolator with semiconductor waveguide.
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1.5 Objective of study and organization of dissertation
1.5.1 Objective
Table 1 summarizes the characteristics of the optical isolators mentioned above. The bulk
isolator composed of discrete components is not suitable for integration. The fabrication
tolerance is large because it is aligned in open space and there is no need of phase matching.
However, the fabrication accuracies are required in polishing bulk crystals and collimating
them. The device size is about 1 — 2 mm and some lenses are required to collect the lights.
The operation bandwidth is about 30 — 40 nm which is dominated by the wavelength
dependence of the Faraday rotation of the magneto-optic material. The TE-TM mode
conversion types can be composed of either magneto-optic garnet or magnetic
semiconductors where strict phase matching condition is required for each case. Using a
waveguide polarizer can reduce the device size of the isolator. While semi-leaky isolator has
large fabrication tolerance and large operation bandwidth, it is not suitable for integration with
other devices because it is composed of a magneto-optic garnet waveguide with a birefringent
cladding layer. The isolation ratio increases as the propagation length, for example it is 2.2
mm to obtain an isolation ration of 30 dB [17]. Nonreciprocal loss shift type is much suitable
for integration with semiconductor laser diodes and is relatively easy to fabricate. However, it
is not recommended for passive use due to its ASE noise. The isolation ratio increases as the
length, e.g. 2.0 mm to obtain an isolation of 30 dB. Nonreciprocal phase shift type especially
based on MZI configuration is less sensitive to the fabrication errors and can be integrated
with other components by a direct bonding technique. The Si waveguide makes the device
size smaller than any other optical isolator ever-reported.

The objectives of this study are the following three about the nonreciprocal phase shift
type magneto-optical isolator:

1) Fabrication and demonstration of the magneto-optical isolator with Si waveguides

As mentioned above, it has much impact to demonstrate the magneto-optical isolator with
Si waveguides for not only integrated optics in long transmission systems but also recent Si
photonics. The author investigates the fabrication of the isolator with Si waveguide by direct

bonding technique. In this study, a surface activated bonding is employed and examined for
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the first demonstration of the isolator operation.
2) Wideband operation of the magneto-optical isolator using phase adjustment
The operation bandwidth of the nonreciprocal phase shift type isolator is as mush as that
of bulk types. A wideband operation is attractive for WDM application in an optical circuit.
Moreover, it becomes the great advantage over bulk isolators. The author proposes a novel
design of the wideband isolator and demonstrates the operation. The proposed design is
applicable to any kind of structures for the nonreciprocal phase shift type isolator.
3) Polarization-independent magneto-optical isolator using TM-mode nonreciprocal phase
shift
The operating polarization is preferred in TE mode because most semiconductor laser
diodes operate in TE mode. However, the integrated structure realized by direct bonding has
the nonreciprocal phase shift only in TM mode. The author proposes a novel configuration of
the polarization-independent waveguide isolator using only TM mode nonreciprocal phase
shift and examines the design principle. The isolator is comprised of waveguide polarization
converters and nonreciprocal phase shifters. Since the configuration uses only TM mode
nonreciprocal phase shift, it is well matched with the integrated structure fabricated by direct
bonding.
If these developments are achieved, the magneto-optical isolator employing nonreciprocal

phase shift becomes the most promising waveguide isolator to be practically used.
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Table 1 Summary of the characteristics of the optical isolators.

Type Material Integration Fabrication | Device | Operation Polarization
yp g tolerance size bandwidth
. > TE/
Bulk Bi:RIG X O AN A .
independent
TE-TM mod
mode Bi:RIG! A x O A TE
conversion
CdMnTe/GaAs!®
X AN yAN TE
Fe:GalnAsPE?! ©
Semi-leaky LiNbO,/Ce:Y 1G] X O A @) TE
Nonreciprocal
br GalnAsP/Inpl+3! O O A O TE/TM
loss shift
Nonreciprocal
phase shift Bi:RIG!? A O A A ™
(MZ1)
Ce:Y1G/GalnAsP/InPl O O X A ™
Ce:Y1G/Si/Sio,*2 O O O A ™

*RIG: rare-earth (Gd, Lu, Y) iron garnet

1.5.2 Organization of the dissertation
The organization of this dissertation is summarized in Fig. 1.11.

In Chapter 2, the magneto-optical isolator employing nonreciprocal phase shift is
described. The nonreciprocal phase shift is numerically examined by 1-dimentional and
2-dimentional simulations. All of the calculations and designs in the following chapter are
based on this analysis. The operation principle of the magneto-optical isolator is explained.

In Chapter 3, a magneto-optical isolator with Si waveguides fabricated by a direct bonding
technique is described. First, the device is designed with Si waveguides. Second, Si
waveguides on a SOI substrate are fabricated and characterized. Third, a surface activated
direct bonding is investigated to realize a magneto-optic isolator with a Ce:YIG/Si/SiO,
-layered structure. Finally, fabricated magneto-optical isolator with Si waveguides is
characterized.

In Chapter 4, a wideband operation of the magneto-optical isolator is described. First, the

principle of the proposed wideband operation is explained. Second, the numerical results of
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the wideband design are presented and the fabrication tolerance is examined. Third, a
magneto-optical isolator of the wideband design is fabricated with a Ce:YIG rib waveguide,
and then characterized.

In Chapter 5, a polarization-independent isolator using TM-mode nonreciprocal phase
shift is described. First, the principle of the proposed polarization-independent operation is
explained. Next, the numerical results of the polarization-independent design in the
nonreciprocal phase shifter are presented. Finally, designs of the waveguide polarization
converter are investigated by a finite-element method and a full-vector beam propagation
method.

In Chapter 6, the results obtained from this study are summarized.

Chapter 1
Introduction

Chapter 2

Magneto-optical isolator employing

nonreciprocal phase shift

<+ + <+
Chapter 3 Chapter 4 Chapter 5
Magneto-optical isolator Wideband operation of a Polarization-independent
with silicon waveguides magneto-optical isolator magneto-optical isolator
fabricated by direct bonding using phase adjustment in using TM-mode nonreciprocal
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Fig. 1.11 Organization of this dissertation.
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Chapter 2:
Nonreciprocal Phase Shift for

Magneto-Optical Isolator

2.1 Introduction

Optical nonreciprocal devices are indispensable to eliminate unwanted reflected light in the
fiber link and protect optical active devices. The optical nonreciprocity is obtained from
magneto-optic effect. A waveguide magneto-optical isolator employing nonreciprocal phase
shift is investigated in this study. The nonreciprocal phase shift provides direction-dependent
propagation constants due to the first-order magneto-optic effect with an external magnetic
field applied transversally to the light propagation direction. A Mach-Zehnder interferometer
configuration with the nonreciprocal phase shift realizes a magneto-optical isolator.

In this chapter, the nonreciprocal phase shift in a planar waveguide structure is analyzed
by numerical calculation. Two numerical approaches are presented. One is solving directly the
eigenvalue equation derived from the Maxwell equation with 1-dimensional (1-D) waveguide
models. The other is a calculation using the perturbation theory with 2-dimensional (2-D)
waveguide models. Then the principle of isolator operation and its design of the

magneto-optical isolator are presented.

2.2 Theoretical analysis of nonreciprocal phase shift

The magneto-optic effects are described by the off-diagonal components of the dielectric
permittivity tensor in a magneto-optic material [1]. The complex relative permittivity tensor

of dielectric materials is given by

Eyx gxy &y
E=|Ex &y &y (2.1)
Ex gzy €y
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As we consider loss-free material, the diagonal elements are real. The real and imaginary
parts of the off-diagonal elements involve anisotropic and gyrotropic systems, respectively.
Anisotropic systems are generated by the crystal-axis rotation in birefringent materials or the
electro optic effect. Gyrotropic systems are generated by the magneto-optic effect. Since the
corresponding elements such as &y, and &y are complex conjugate to each other, the
anisotropic systems are reciprocal due to the real part, and the gyrotropic systems are
nonreciprocal due to the imaginary part. The imaginary off-diagonal elements are induced by
an orthogonal magnetization. When the light propagates along the z-axis, the & induced by
z-aligned magnetization is related to the Faraday rotation and the &, or &, induced by y- or
x-aligned magnetization are related to the nonreciprocal phase shift.

In this section, the nonreciprocal phase shift is theoretically analyzed. We assume a
loss-free magneto-optic waveguide in which the magneto-optic film is located in the x-z plane.
The magnetization is aligned along the x-axis and lightwaves propagate along the z-axis. Here,
a magneto-optic linear effect such as Cotton-Mouton effect is neglected. The relative

permittivity of a magneto-optic film is then given by

e 0 0
=10 & |y (2.2)
0 - ”/ &

where s, &, and & are related to the isotropic refractive indices denoted as = n”in the X, y,
and z direction, respectively. The off-diagonal elements y are proportional to the specific
Faraday rotation coefficient ®¢ by

2n®
y=—"= (2.3)
kO

where kg is the wavenumber in vacuum.

The Maxwell equation is written as

VxE =-jou,H (2.4)
VxH= jogg,E (2.5)
V-H=0 (2.6)

V-(¢E)=0 (2.7)
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where @ is the angular frequency, E and H are the electric and magnetic field vectors,
respectively, & and xp are the permittivity and permeability of free space, respectively. From

(2.2), the Maxwell equation (2.4) and (2.5) are rewritten in component form as

OE, 8Ey

Y ——jouH., 2.8
ay az Ja):uo X ( )
OE, OE :

L L= H , 2.9
az 8X Ja’,uo y ( )
oE, OE .

— X = H,, 2.10
8X ay Ja):uo z ( )
oH
M, Ty jos,e,E,, (2.11)
oy 0z
oH, oH, . .
= ok ja)go(gyEy+ j;/EZ), (2.12)
oH, oH, . _
P N jos,(s,E, - i7E,). (2.13)

2.2.1 Solving eigenvalue equation with 1-D waveguide model
We consider a 1-dimensional waveguide model as shown in Fig. 2.1. The thickness of the

guiding layer is defined d. Since all layers are uniform along the x- axis, 6/0x=0.

Y A

Upper cladding layer El

d Guiding layer 52
.\
) X

0 | 2 Lowercladding layer &,

Y

Fig. 2.1 Geometry of the three-layered slab waveguide model.
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First, TM mode propagating along the z-axis is examined. Then the propagating modes are
described by
E=(0,E,,E, Jexp{j(ct - p2)}, (2.14)
H=(H,,0,0)exp{j(at - £2)} (2.15)
where £ denotes the longitudinal propagation constants along the z-axis. From (2.12) and

(2.13), Ey and E; are expressed as

1 oH . oH
E, = X <, 2.16
’ 20 (8ygz _72) (7 8y g 0z ] ( )

1 oH, . aHX]. 2.17)

E = + Je
Z a)go(‘c"ygz_j/z)[]/ oz ’ ’ 8y

Substituting (2.16) and (2.17) into (2.8), we obtain the following wave equation for Hy

ayz z 622

where we use kZ = w’g,u,. Using 0/0z=— A, (2.18) is rewritten as

2 2
! 2[8y8 H, +e 0 HXJ+k§HX:O (2.18)
£,6, 7

2
0 HZ {kgg'—ﬂziJHx =0 (2.19)
oy &y
with
£,6,—7°
=0 (2.20)
&

For a guiding mode in the planar waveguide shown in Fig. 2.1, the effective refractive index
N (=41 ko) must be

eg65<NP<e, (2.21)
and the wave vectors along y-axis are defined with

_ -n’ i=13
e =22 :{kzn' . E:=2 ) (2.22)

N—"

One can solve the wave equation (2.19) for each layer by

A exp{-n,(y —d)}exp(-jfz) (y>d)
H, =<(A,cosk,y+ B,sink,y)exp(-jpz) (0<y<d) (2.23)
A, exp(n7,y) exp(-jBz) (y<0)
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where A, Ay, By, and Az are the field amplitudes. Substituting (2.23) into (2.17), E; for each

layer is obtained as

(nB+ 7715y1)A1

Jwgq.&, &y

—¢.,,k,B k k ink
E, - (7287, — &,,K,B,) cosk, y + (y,8B, + £,,k, A)) sin ZyeXp(—jﬂZ). (2.24)

Jwsyg, &y

exp{-n,(y — d)}exp(-jfz)

(738 —1:8,3) A

Jog ey &g

exp(,y)exp(-jfz)

Using the boundary condition that Hy and E, are continuous across y=0 and y=d, we obtain

o)t 2
&, & )& & )&,

the following eigenvalue equation

% 1 1 1 ’
Z—(ﬂﬁMJ[ns—M]. .+{[773_}/3ﬂj._(771+71ﬂ)} i { yz.ﬂj
&5 & &3 ) &1 &3 &3 ) &3 & )& | & & &, &

(2.25)
where & is simplified as & for each layer i= 1, 2, or 3. This equation can be solved by a
numerical analysis. Because of the linear terms in g involving the off-diagonal elements y,
there are nonreciprocal solutions for g as the propagation and magnetization directions. And
the nonreciprocal phase shift is given by
Ap=p.-p.. (2.26)
Notice that, when the slab structure is symmetric denoted as ei.=&3; and y1=73, the linear terms
in g vanish and A becomes zero. This means that the nonreciprocal phase shift is induced by
the asymmetry of the waveguide structure transversally to the magnetization direction. The
difference in the propagation constant means the difference in the distribution of
electro-magnetic field depending on the propagation direction.
Next, TE mode propagating along the z-axis is examined. The propagating modes are
described by
E =(E,, 0, 0)exp{j(at - )}, (2.27)
H=(0,H, H,)exp{j(wt - pz)}. (2.28)
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Substituting (2.9) and (2.10) into (2.11), we obtain the following wave equation for Ex

O°E,
oy?

+(k2e, - B2)E, =0. (2.29)

With the wave vectors along the y-axis
2 -
-7, (i=13)
kle,—p* = Y ) 2.30
Sa =P {kf i-2) (2:30)
one can solve (2.29) for Ex and H;. Using the boundary condition for Ex and H, across y=0

and y=d, we obtain the following eigenvalue equation

tank,d = Kl +,) (2.31)

2

ky =1
Since there are no linear terms in S, nonreciprocal phase shift is not induced for TE mode
propagations with the magnetization along the x-axis.

In the same way, we consider a four-layered waveguide model shown in Fig. 2.2. An
interlayer with the thickness of d is inserted above the guiding layer with the thickness of ds.
TM propagating modes are described as (2.14) and (2.15), and we obtain the same wave

equation as (2.19). The wave vectors along the y-axis are defined with

-1 (i=14)
K2e'- 21 g2 =dxp?2,  (i=2) (2.32)
“ k(=3

where the sign of i=2 is positive when the interlayer works as a part of core layer as &> N?

and negative when it works as a cladding layer as & < N% The solutions for H, are given by

A exp{-n,(y —d, — d,) fexp(- jfz) (y=d,+d,)
b [ eein(y-d)j+ Bexpln(y-d)Jexp(-if)  (d;<y<d; +dy)
| (A cosk,y + By sink,y) exp(— jBz) C (0<y<dy)
A, exp(n,y) exp(-jpz) (y<0)
(2.33)

Substituting (2.33) into (2.17), E, for each layer is obtained. Using the boundary condition
that Hy and E, are continuous across y=0, y=d, and y=d,+ds;, we obtain the following

eigenvalue equation
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(774—“ﬂ}i,+ 7P Koo (2.34)
&

&, E3Ey &

where
C, = {[ﬂz_ﬁ]i’ ( 72ﬂ } cosk,d, +73'Bcoskd +k 3sink,d,
82 82 2 8383 83
/l{—(ﬂz—yzﬂJl,+(77 7/2'8)10} ! sink,d, —73ﬁsmkd +k coskd}
&, )& 1+C, £33 &y

(2.35)

Cl=—{[n1+ylﬂ]1,+(nz hﬂj }exp(and )/{[nﬁylﬂj—(nﬁnﬂ}l,}
g )& & )& g e &, )&

(2.36)

This equation can be solved by a numerical analysis. The linear terms in g involving the
off-diagonal elements » induce nonreciprocal solutions for g, and the nonreciprocal phase

shift A is obtained.

Upper cladding layer 51

dZI Interlayer 52

ds Guiding layer 53
.) — X

0 | 2 Lowercladding layer &,

A\ 4

Fig. 2.2 Geometry of the four-layered slab waveguide model.
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2.2.2 Perturbation theory with 2-D waveguide model

We consider a 2-dimensional waveguide model as shown in Fig. 2.3. In this case, the wave
equation for Hy derived from the Maxwell equation (2.4)-(2.7) has differential terms ox, oy
with respect to x and y. The 2-D Maxwell equation considering 6/ox and &/dy with the
magneto-optic effect is a complex system even though a directly solution by finite element
method is reported [2]. Easier way to obtain the nonreciprocal phase shift is using
perturbation theory [1,3,4]. When the off-diagonal elements y of the permittivity tensor are
much smaller than the diagonal elements & the gyrotropic effect can be treated as a
perturbation in an unperturbed system without magnetization. The nonreciprocal propagation

constants are given by
A
p.=p =" (237)

where /% is the propagation constant of the unperturbed system. In perturbation theory, the

nonreciprocal characteristic is given by

_ 20¢,

Ap==0

E*AcEdxdy (2.38)
II

normalized by the power flow in the z direction
P=([[ExH" +E xH) dudy (2.39)
E and H are the electric and magnetic fields of the unperturbed system and Az is the
perturbation induced by the magnetization.
Using the semi-vector approximation, TM modes propagating along the z-axis are
described by
E=(0,E,,E, Jexp{j(ct - p2)}, (2.40)
H=(H,,0,0)exp{j(at - f2)}. (2.41)

From (2.12) and (2.13), Ey and E; of the unperturbed system are expressed as

=) (2.42)
wEye, 0L
E - H (2.43)

P weys, Oy
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Then a magnetization along the x-axis yields the perturbation along the y-axis for TM modes,

and the nonreciprocal phase shift is given by

, o 0 oJo
AB = a;8°jj[o E; EJo o jy|E, |dxdy
0 _”/ 0 Ez

_ 20¢,

[[€;(i)E, + E; (=in)E, xcly

_ 20¢,

]2 Re{j7E.E, jdxdy

jj 27ﬂ H. M gvay (2.44)
W& &, oy

P:jj{EyH;+H;Ey}dxdy

= 2Re ” E;H,dxdy = mH | dxdy . (2.45)

a)gg

The integral term of y in (2.44) exists only across the interfaces of the magneto-optic layer at

y=Ymas

£y€ &),

] . (2.46)

Z v[rleye, Y H, (v dx 017
” ‘1|H | dxdy '

where vis +1 or —1 determined by the position of magneto-optic layer in (2.46).

Ym—0 y

Finally, we obtain

The |HX| of the unperturbed system can be calculated by numerical simulation such as a
beam propagation method (BPM) or a finite element method (FEM). The numerator of (2.47)
is obtained from the calculation of the integral of off-diagonal elements, permittivity tensors,
and simulated magnetic fields along the magneto-optic interface. The denominator of (2.47) is
obtained from the integral of permittivity tensors and simulated fields all over the simulation

region.
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w
P

~

&y

Upper cladding layer 51

/!
h i Side cladding layer

d Guiding layer &y
.) > X

0 [Z Lower cladding layer &,

Fig. 2.3 Geometry of the 2-D waveguide model.

2.2.3 Calculation results and comparison

In this study, a cerium-substituted yttrium iron garnet CeY,FesO:, (Ce:YIG) grown on a
(Ca,Mg,Zr)-doped GGG substrate (SGGG) is used as the magneto-optic garnet. The Faraday
rotation coefficient ®¢ of Ce:YIG is —4500 deg/cm, which corresponds to the off-diagonal
permittivity y of 0.008525, at A=1.55 um [5]. As described in Chapter 1, our group has
proposed the magneto-optical isolator employing nonreciprocal phase shift with some
material systems. Here, we consider three kinds of waveguide structure as shown in Fig. 2.4,
(@)Si0,/Ce:YIG/SGGG, (b)Ce:YIG/GalnAsP/InP, and (c)Ce:YIG/Si/SiO, -layered structures,
respectively. Rib waveguides are formed on the guiding layer to confine lightwave laterally.
The latter two structures have side-cladding layer of air so that they are realized by a direct

bonding [6-8]. The refractive indices of the material at A= 1.55 um are shown in Table 2.1.

IS <« ) <«
SiO, CeYIG CeYIG
r air | [ ITr air | Ir
CeYIG h GalnAsP h Si h
y SGGG InP Sio,

CL-’ X (@ (b) (©

Fig. 2.4 Waveguide structures for magneto-optical isolator.
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Table 2.1 Refractive indices at A= 1.55 pum.

Material Refractive index
CeYIG 2.20
SGGG 1.94
GalnAsP (Ag= 1.42 um) 3.45
InP 3.17
Si 3.48
SiO, 144

Figure 2.5 shows calculation results of the nonreciprocal phase shift as a function of
waveguide height h. Dashed lines are calculated by solving eigenvalue equation with 1-D slab
waveguide model where the side cladding layer is neglected. Solid lines are calculated by the
perturbation theory with 2-D waveguide model where the unperturbed magnetic field is
simulated by the mode solving via imaginary distance BPM [9,10]. In the semi-vector
simulation, the magnetic fields are derived from the electric fields. For all the structure, the
waveguide width w and rib height r are fixed at 2.0 um and 0.1 um, respectively. The
simulation grid sizes along x- and y-axis are Ax= 0.05 um and Ay= 0.01 um, respectively, and
the slice step along z-axis is 4z= 0.005 — 0.05 um. There is little difference in the results
between two methods, solving eigenvalue equation and perturbation theory. It is observed that
a large nonreciprocal phase shift is obtained from the waveguide structure with
Ce:YIG/Si/SiO,. This is because there is a large intensity of the magnetic field at the interface
between Ce:YIG and Si layer as can be seen in Fig. 2.6.

Figure 2.7 shows calculation results of the nonreciprocal phase shift for different
waveguide widths with 2-D structure. Here, we use the waveguide structure with
Ce:YIG/Si/SiO; and the rib height is the same as the waveguide height, i.e., it is a channel
waveguide. The simulation grid sizes are Ax=0.01 um and Ay= 0.01 um to model the narrow
waveguide width. As is the particular problem for the software, spin-off intensity peaks
sometime appear on the magnetic fields at the waveguide corners as shown in Fig. 2.8. The

semi-vector simulation derives the magnetic fields from the firstly calculated electric fields so
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as to satisfy the Maxwell equation. They appear only when the simulation is carried with
small grid size for a high-index-contrast waveguide. These must be eliminated when the
nonreciprocal phase shift is calculated using the magnetic fields. As you can see in Fig. 2.7,
the maximum nonreciprocal phase shift becomes small for narrower width. This means that
the magnetic field distribution is broaden in the vertical direction due to the lateral optical
confinement as the waveguide width is narrow. Consequently, we should calculate the

nonreciprocal phase shift with 2-D structure instead of 1-D structure if the lateral optical

confinement is strong in the waveguide structure.

N o o o
o o o o

o

Nonreciprocal phase shift (mm '1)

Fig.2.5 Calculated nonreciprocal phase shift for some waveguide structures. Dashed lines are
calculated by solving eigenvalue equation with 1-D structure and Solid lines are calculated by

perturbation theory with 2-D structure, at A= 1.55 pum.
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Vertical Direction (pum)
Vertical Direction (um)

Horizontal Direction (um)
Fig. 2.6 Mode profiles of magnetic field calculated by semi-vector BPM.
(2)Si0,/Ce:YIG/SGGG at h=0.48um, (b)Ce:Y1G/GalnAsP/InP at h= 0.36um, and
(c)Ce:YIG/SI/SiO; at h=0.20um. All the width and rib height are w=2.0um and r= 0.1um,

respectively.
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Fig.2.7 Calculated nonreciprocal phase shift for some waveguide width with the

Ce:YIG/Si/SIO; structure, at A= 1.55 um.
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Fig. 2.8 Mode profile of magnetic filed with the Ce:YIG/Si/SiO; structure at w= 0.6pum and
h=r=0.20um.

Next, we compare the simulation methods to calculate the magnetic field distribution with
2-D structure. The mode solving via semi-vector BPM, full-vector BPM, and full-vector FEM
are considered [9,11]. The full-vector simulations provide Hy and Hy fields which are
distinguished major or minor component as their distributions. Typically, major and minor
components are distributed at the center and the corner in the waveguide, respectively. The Hy
of major component is called quasi-TM mode or TM-like mode.

Figures 2.9 and 2.10 show the calculation results for comparison of the semi-vector BPM
with the full-vector BPM and the full-vector FEM, respectively. The waveguide is composed
of Si0,/Ce:YIG/SGGG and is a channel waveguide h=r. The magnetic fields are calculated
directly in the full-vector simulations where no spin-off peaks appear as shown in Fig. 2.11.
The semi-vector BPM shows larger maximum nonreciprocal phase shift than the full-vector
simulations for small dimension of the waveguide. At the same time, the semi-vector BPM
gives larger propagation constant than the full-vector simulations. This difference is thought

to be caused by the spin-off peaks at the waveguide corners as mentioned above. The peaks
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seem to prevent the field distribution from broadening to upper region as can be seen in Fig.
2.11 (a). This results in large distribution of the magnetic field at the magneto-optic interface

and enhances the nonreciprocal phase shift.
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Fig. 2.9 Comparison between semi-vector BPM and full-vector BPM. The lines are calculated

by the semi-vector BPM, and the dots are calculated by the full-vector BPM.
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Fig. 2.10 Comparison between semi-vector BPM and full-vector FEM. The lines are

calculated by the semi-vector BPM, and the dots are calculated by the full-vector FEM.
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Fig. 2.11 Mode profiles of magnetic field with the SiO,/Ce:YIG/SGGG structure at w=
0.40um and h= 0.24um calculated by (a) semi-vector BPM, (b) full-vector BPM, and (c)
full-vector FEM.

The discontinuity of the data for w= 1.0 um in Fig. 2.10 is due to hybrid supermodes. To
understand the hybrid supermodes, effective refractive indices and nonreciprocal phase shift
are calculated at the fixed height of 0.28 um as shown in Fig. 2.12 and Fig. 2.13. The mode-0
corresponds to the TEy; mode. On the other hand, as the width increase, the mode-1 changes
from TMy mode into TE; mode, and the mode-2 changes from TE; mode into TMy mode
across w ~ 1.0 um. The nonreciprocal phase shift is calculated with Hy component considered
as TMp mode. The magnetic field distributions around the cross point of mode-1 and mode-2
are shown in Table 2.2. At w= 1.0 um, the Hy and Hy can not be distinguished as major or
minor component, then they are considered as hybrid supermodes. This behavior of the mode
transition affects the field distributions at w ~ 1.0 um. For example, Hy; at w= 0.95 um and
Hyxo at w= 1.0 um are slightly pushed up and down, respectively. Therefore, the nonreciprocal

phase shift calculated from the field distributions becomes discontinuous across w ~ 1.0 um.
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As a result, we should not design a waveguide with such parameter as hybrid supermode
appears because they induce mode transition between TM fundamental and TE higher-order
modes. Such mode transition is observed during the full-vector BPM simulation when the

propagation constant of TMy is close to that of TE;.
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Fig. 2.12 Effective refractive indices simulated by semi-vector BPM and full-vector FEM

with the Ce:Y1G/Si/SiO; structure at h=r=0.28 um.
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Fig. 2.13 Calculated nonreciprocal phase shift using the magnetic fields simulated by

semi-vector BPM and full-vector FEM.
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Table 2.2 Mode profiles of magnetic field calculated by full-vector FEM with the

Ce:YI1G/Si/SiO; structure at h=r=0.28 um.

w 0.9 um

0.95 um

1.0 um

1.05 um

Hxl

Hx2

2.3 Principle of isolator operation

In this section, the principle of a magneto-optical isolator operation employing nonreciprocal
phase shift is described. Figure 2.14 shows the basic configuration of the isolator which is a
Mach-Zehnder interferometer with nonreciprocal and reciprocal phase shifters. Hence we
utilize the nonreciprocal phase shift for TM mode, the isolator operates for TM mode.
External magnetic fields are applied in anti-parallel direction to the two arms of the
nonreciprocal phase shifter. These provide direction-dependent propagation constants for the

lightwave traveling in each arm. The nonreciprocal phase differences &y between the two

arms are given by

HN(forward) = (ﬁn _ﬂfZ)L’
eN(backward y — (ﬁbl - ﬂbZ)L

(2.48)
(2.49)
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where L is the propagation length of the nonreciprocal phase shifter. When the waveguide
structures of the two arms are symmetric, the & has different sign depending on the
propagation direction
—AB/2= =By, (2.50)
By +AB/2= P, = By (2.51)
In the isolator operation, the &y are set at —n/2 and +n/2 in the forward and backward
directions, respectively. The reciprocal phase difference & is set at +r/2 by an optical path
difference AL between the two arms given by
0, =p-AL (2.52)
where g is the longitudinal propagation constant of the mode propagating in the waveguide of
reciprocal phase shifter.

A forward traveling wave from the input port is divided into two waves with identical
amplitudes and phases at the 3dB coupler. The nonreciprocal phase difference is cancelled by
the reciprocal one and the total phase difference is 0. So the two waves are coupled to the
output port by the constructive interference at the 3dB coupler. A backward traveling wave
from the output port is divided into identical two waves at the 3dB coupler. In this time, the
nonreciprocal phase shift is added to the reciprocal one and the total phase difference is +x.
Then the two waves are not coupled to the input port and radiated at the 3dB coupler by the
destructive interference. Consequently, the MZI functions as a magneto-optical isolator. Table
2.3 shows designed length of the nonreciprocal and reciprocal phase shifters for some
waveguide structures. The refractive indices as shown in the Table 2.1 are used.

The output intensity of a MZI is given by [12]

out| _‘ (\/_ejgl“‘\/—ejgz)

2

= % {al +a, +2\/a,a, cos(6, - 6, )}1Em|2 (2.53)

where E;j, and E, are the amplitudes of the electric field at the input and output ports and &,
6, a;, and a, are the phase differences and attenuations of intensity in each arm. As the 3 dB

coupler divided a wave into two waves with identical phase and amplitude, and the waves
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propagate without any attenuation in both arms, the (2.53) is rewritten as

- 1+cos(8, - 6,)

|Eout |Ein i (254)
2
4 NPS H-H RPS
input 3dB | i | 3dB | output
coupler| o i | coupler
H NPS ;
N tk
Forward —»  —-m/2 +n/2 —
*----- +/2 +n/2 ~ <+— Backward

Fig. 2.14 Basic configuration of the magneto-optical isolator employing nonreciprocal phase

shift. NPS: Nonreciprocal phase shifter, RPS: Reciprocal phase shifter.

Table 2.3 Designed lengths of nonreciprocal and reciprocal phase shifters.

®r= —4500 deg/cm of Ce:YIG at A= 1.55 um.

Structure Parameters Lnps (Mmm) Lres (um)

w/h/r(um) (a) (b) (a) (b)
Si0,/Ce:YIG/SGGG |2.0/0.48/0.10 |0.840 |0.839 |0.196 |0.196

Ce:YIG/GalnAsP/InP | 25/0.36/0.16 | 3.498 3.661 0.121 0.121

Ce:YIG/Si/SiO; 2.0/0.20/0.01 |0.213 0.231 0.164 0.165

Ce:YIG/Si/SiO; 0.6/0.22/0.22 |0.233 0.298 0.168 0.170

(a) semi-vector BPM, (b) full-vector FEM
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2.4 Summary

In this chapter, the nonreciprocal phase shift is analyzed by numerical calculation. Using 1-D
and 2-D waveguide models, the nonreciprocal phase shift is calculated. For narrower
waveguide, 2-D model should be used for taking the effect of the lateral optical confinement
into account. In the comparison among the several mode solving methods, reliable results are
obtained by using full-vector simulations than semi-vector BPM. However, the full-vector
simulations take much time to obtain the filed distributions and make it complex due to the

hybrid supermode.
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Chapter 3:
Magneto-Optical Isolator with
Silicon Waveguides Fabricated by

Direct Bonding Technique

3.1 Introduction

A silicon-on-insulator (SOI) material system is an efficient platform for both electronic and
photonic devices. The high refractive index contrast of a Si waveguide enables one to realize
ultracompact photonic devices and dense integrated optical circuits [1]. A high speed optical
modulator based on a MOS capacitor has attracted much attention for advanced Si photonics
[2]. In addition, combining III-V compound semiconductors that have direct bandgap and
high mobility with Si-LSI provides new scope of optoelectronic integrated circuits (OEICs).
Because, Si offers several advantages that it is low-cost, mechanically strong, and transparent
at the emission and absorption wavelengths of III-V materials. A hybrid evanescent laser
integrating III-V active region with Si waveguide is an example of the high-potential
application [3]. Recently, Luxtera, Inc. released an optical transceiver using a Si photonics
technology based on monolithic optoelectronic devices manufactured in a low-cost CMOS
process [4]. An optical isolator or circulator is as yet unrealized in Si-based waveguide, while
it is required for high-speed transmission in optical fiber links to ensure the stable operation
of active devices.

On the other hand, magneto-optical garnets such as yttrium iron garnet (Y1G), that have a
large magneto-optic effect and are transparent in the near-infrared region, are grown
epitaxially on a garnet substrate. We have investigated a waveguide magneto-optical isolator

using a Mach-Zehnder interferometer (MZI) with a directly bonded magneto-optic garnet
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fabricated by direct bonding technique
upper cladding layer [5,6]. As mentioned in Chapter 2, a use of a Si high-index-contrast
waveguide enhances nonreciprocal phase shift in a magneto-optic garnet / Si / SiO; layered
structure, which enables an ultracompact optical isolator with Si waveguides. Figure 3.1
shows an application of Si-based optical transceiver integrated with a magneto-optical isolator.
Since a WDM scheme is promising technology for high capacity transmission, a wideband
operation of the magneto-optical isolator which is proposed in Chapter 4 is suitable for this
scheme. In other words, a high-performance optical transceiver can be realized on a Si
platform owing to the magneto-optical isolator.

CMOS driver

I1I-V hybrid laser !
Si p-i-n modulator "/

WDM coupler
Magneto-optical isolator

Fig. 3.1 Concept image of Si-based optical transceiver integrated with a magneto-optical

isolator.

3.2 Device structure and design

The schematic drawing of the device structure is shown in Fig. 3.2. The principle of the
isolator operation composed of a MZI configuration has been mentioned in Section 2.3. The
nonreciprocal phase shifter is composed of a Ce:YIG / Si / SiO, -layered structure. The 3x2

multi-mode interference (MMI) coupler is employed as 3dB coupler in which a lightwave
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from the center port of the 3 branches are divided into two waves with identical amplitude and
phase through the two ports of the other 2 branches. And the MMI coupler provides
interferences between the two waves from the 2 branches so that constructive and destructive
interferences lead the lightwave to the center port and the side ports of the 3 branches,
respectively.

In this section, all the designs are calculated with the refractive indices as shown in Table
3.1. First, the thickness of the Si guiding layer on a SOI wafer is determined. Figure 3.3
shows a nonreciprocal phase shift calculated by the perturbation theory with an
electromagnetic field distribution given by the full-vector FEM as a function of the
Si-thickness. The waveguide width and rib height are fixed at 2.0pum and 0.01um, respectively.
The nonreciprocal phase shift is maximized at the Si-thickness of ~0.20 um and the required
propagation length is 213 pum to obtain +1/2 phase differences by external magnetic fields in

anti-parallel direction.

Nonreciprocal phase shifter
Reciprocal phase shifter

CeY2Fes012
(Ce:YIG)

Fig. 3.2 Schematic drawing of the magneto-optical isolator with Si waveguide.



46 Chapter 3: Magneto-optical isolator with silicon waveguides
fabricated by direct bonding technique

Table 3.1 Refractive indices at A= 1.55 pm.

Material Refractive index
Si 3.48
Si0, 1.44
air 1.0
Ce:YIG 2.20
SGGG 1.94
HfO, 1.98
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Fig. 3.3 Calculated nonreciprocal phase shift and the propagation length required for n/2

phase difference of Ce:YIG/Si/Si10; structure at w=2.0um, r= 0.01um, and A= 1.55um.

However, there are some problems when the thickness is small. One is a leakage loss into
the Si substrate through the SiO, lower cladding layer due to large evanescent fields in this
layer. For example, the thickness of the SiO, layer required for loss-free guiding of TM
fundamental mode is more than 2.0 um as the 0.20-um-thick Si layer while 1.0 pm is

sufficient for the case of the 0.30-um-thick Si layer. The other problems are a scattering loss
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and a reflection at the boundary between the different upper cladding regions fabricated by a
direct bonding technique. Figures 3.4 (a) and 3.5 (a) show the decrease in transmittance due to
the scattering at a boundary with different upper cladding regions on a Si waveguide
calculated by a bi-directional finite difference (FD) BPM in a 2-D (X-z) structure [7] and a
bi-directional optical propagation analysis based on eigenmode expansion method [8]. The
material of the upper cladding layers are assumed to be air, SiO,, and HfO, against Ce:YIG
region. The decrease in transmittance is 2.6 dB for a 0.20-um-thick Si guiding layer at a
boundary between Ce:YIG and air cladding regions. Also, the reflection coming back to the
input is calculated by these methods as shown in Figs. 3.4 (b) and 3.5 (b). The reflection is
—27 dB for a 0.20-um-thick Si guiding layer. It is possible to prevent the reflections from
returning into the input port by adjusting the phase difference between the reflections in two
arms to be antiphase. The scattering loss and reflection can be reduced as the thickness of Si
increases or the refractive index of the upper cladding layer is close to that of Ce:YIG
However, the required length of the nonreciprocal phase shifter is long for a thicker Si layer
as shown in Fig. 3.3. Also, the waveguide dimensions become large for lower index contrast
between Si and the cladding layer. Consequently, the thickness of Si guiding layer is to be
determined taking into account the trade-off between the scattering loss and the device size.
Hence, we consider two designs of the isolator. One is a low-loss design for a test
fabrication with 2.0-um-wide and 0.01-pm-height rib waveguide on 0.30-pum-thick Si layer.
The other is for an ultracompact design with 0.6-pm-wide channel waveguide on
0.22-um-thick Si layer. The propagation lengths of the nonreciprocal phase shifter (Lxps) and
reciprocal phase shifter (Lrps) are designed by mode solving based on FEM and a perturbation
theory as described in Section 2.3. The MMI coupler is designed by 3-D FD-BPM [7]. Figure
3.6 shows the configuration and its design parameters. Table 3.2 shows two designs of the
magneto-optical isolator. A 1x2 MMI coupler is designed for the ultracompact design. The

total length of 364 um is the world’s smallest among optical isolators ever-reported.
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Fig. 3.4 (a) Decrease in transmittance due to scattering and (b) reflection at a boundary
between different upper cladding layers on a Si waveguide calculated by a bi-directional BPM.
One side of the upper cladding layer is Ce:YIG with the refractive index of 2.20. Simulation

grid sizes are AX = 0.01 pm and Az = 0.02 um and the Pad¢ order is (2,2).
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Fig. 3.5 (a) Decrease in transmittance due to scattering and (b) reflection at a boundary
between different upper cladding layers on a Si waveguide calculated by a bi-directional
optical propagation analysis based on eigenmode expansion method. One region has upper
and side cladding layers of 2.20 and 1.0, respectively, and the other region has covered layer

of modified index. The width of Si channel waveguide is set at 2.0 pm.
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Total length

Fig. 3.6 Design of a MMI coupler on SOI wafer.

Table 3.2 Two sets of design parameters of the magneto-optical isolator with Si waveguides.

(unit: pm)
Low-loss design Ultracompact design
Cover material Air Si0,
Width (w) 2.0 0.60
Height (h) 0.30 0.22
Rib height (1) 0.01 (channel)
Lnps for £7/2 401 298
Lrps for +m/2 0.152 0.170
MMI width (Wymi) 15.0 4.0
MMI length (lymi) 210 22
Arm distance (d) 6.0 1.6
Bending (R, ¢) ~500, 60° 10, 90°
Total length ~3000 364
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3.3 Fabrication of Si waveguide

Figure 3.7 shows a fabrication process of the Si waveguide. We use a Unibond SOI wafer
manufactured by wafer bonding and splitting techniques with a hydrogen-implantation called
“Smart-Cut®” proposed by Bruel [9]. The SOI wafer is first cleaned with ethanol, acetone,
and isopropanol. The native oxide on Si surface is not removed by hydrofluoric acid in this
stage so as to protect the wafer surface until a direct bonding process. After coating
300-nm-thick electron-beam resist ZEP-520A on the sample surface by a spin coater with
6000 rpm for 60 sec, it is baked at 170 °C for 15 min. The waveguide patterns are exposed by
electron-beam lithography with accelerating voltage of 50 kV and are developed with a
mixture of methyl isobutyl ketone and isopropanol (1:1) for 2 min. The patterns are
transferred to an e-beam deposited Cr mask, which is then lifted off with dimethylformamide.
The rib or channel waveguide is formed on Si surface by reactive ion etching (RIE) in a
CHF;:0; (15:1) plasma with a 50-W radio frequency (RF) power. The Cr mask is stripped off
with hydrochloric acid at ~120 °C. Finally, the ends of the Si waveguide are obtained by
cleaving the sample at a notch formed by dicing-saw.

Figure 3.8 shows scanning electron microscope (SEM) images of the fabricated
0.20-pum-thick and 0.60-um-wide Si-wire waveguides. The roughness of the sidewall is about
10 nm. The bending radius and angle are 2.5 um and 90 degree. The 2.0-um-wide and

3.0-um-length MMI coupler is well fabricated.
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Fig. 3.7 Fabrication process of Si waveguide.
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Fig. 3.8 Fabricated Si-wire waveguides. (a)Straight waveguide, (b)bending waveguide,
and (c)MMI coupler.

Figure 3.9 shows measurement results of the propagation loss of 0.2-um-thick Si channel
waveguides for TM mode propagation. The losses shown in (a) and (b) are measured for a
sample with the upper cladding of air and that after 0.8-um-thick SiO, deposition,
respectively. The transmitted power of the Si waveguides with several widths through fiber to
fiber alignment is measured by optical power meter at A=1.55 um. The propagation loss
except the coupling loss between fiber/sample is estimated from the gradient as a function of
propagation length, which is known as a “cut-back” method. The propagation loss is about 3.7
— 4.0 dB/mm independent of the waveguide width. The sidewall roughness ~10 nm of Si
waveguide dominates the propagation loss. The coupling loss decreases after covering SiO;
cladding layer.

In the same way, the propagation loss of 0.3-um-thick and 2.0-um-wide Si rib waveguides

with several rib heights are measured as shown in Fig. 3.10. The propagation loss is 0.63
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dB/mm for the rib height of 10 nm.

Figure 3.11 shows the measured bend loss of curved section for 0.2-pum-thick and
0.6-um-wide Si-wire waveguide with several bending radii. The loss of 90-degree bend with
2.5-um-radius is ~4.9 dB that is dominated by the sidewall roughness. It becomes negligible
small when the bending radius is more than 20 pum. Figure 3.12 shows the measured excess
loss of branching characteristic of the fabricated MMI coupler. 0.2-um-thick and 0.6-um-wide
Si-wire waveguides are connected to the 2.0-um-wide multimode section. The divided powers

of around -3 dB, almost identical to each port, are obtained at the coupler length of 3.2 um.
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Fig. 3.9 Propagation loss of 0.2-um-thick Si channel waveguide with (a) air and (b) SiO,

upper cladding materials for TM mode, at A= 1.55 pm.
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Fig. 3.10 Propagation loss of 0.3-um-thick and 2.0-um-wide Si rib waveguides with several

rib heights for TM mode, at A= 1.55 um.
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Fig. 3.11 Bend loss of 0.2-pum-thick and 0.6-pum-wide Si-wire waveguide for TM mode, at A=

1.55 pm.
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Fig. 3.12 Excess loss of branching characteristic of the fabricated MMI coupler for TM mode,

at A= 1.55 pm. The solid line is calculated by 3-D BPM.

A spot-size converter in the Si waveguide is investigated to improve the coupling
efficiency between fiber and waveguide. The coupling loss is induced by the mismatch in the
field distribution between fiber and waveguide. The width and height of Si channel
waveguide are set at 0.60 um and 0.20 pm, respectively. The waveguide is covered with
~1.0-um-thick SiO, cladding layer by sputter deposition. The 0.2-mm-long waveguide from
the end facet is changed its width and is connected to the normal waveguide by a
0.3-mm-long tapered region. First, the coupling efficiency between a waveguide and a fiber
through air gap of 10 um is calculated by 3-D BPM. The coupling loss is calculated by
normalizing the fiber mode power in a fiber with the launched power in a waveguide. Figure
3.13 (a) shows the doubled coupling loss assuming the two connections. Next, the spot-size
converter is fabricated on a 0.20-um-thick SOI waveguide with several widths of waveguide
end. Figure 3.13 (b) shows the measured coupling loss through two fiber/waveguide
connections that is obtained from transmitted power except the propagation loss. The
calculated and measured coupling losses show similar behavior though they have different

peaks. For the channel waveguide, the coupling loss is the smallest at the width of 0.20 pm in
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the measurement while it is the smallest at the width of 0.06 um in the calculation. This is due
to that the fabricated waveguide has large scattering loss at the sidewall which increases the
propagation loss more than the improvement of coupling efficiency at the narrower width.
The coupling loss is reduced about 10 dB for 0.20-um-width of the end waveguide compared
with 0.60-um-width of the waveguide without any taper. On the other hand, for a rib
waveguide, such a down tapered spot-size converter is not effective as the field distribution at

the narrower width is confined in the slab region of the Si layer.
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Fig. 3.13 (a) Calculation and (b) measurement results of coupling loss between an optical
fiber to Si channel waveguide. The simulation grid sizes are AX = 0.05 um, Ay = 0.02 um, and

Az =0.02 pm.
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3.4 Direct bonding between Si and Ce:YIG

A wafer bonding is key technique to realize integrated optical devices since III-V compound
semiconductor, crystalline Si, and magneto-optic garnet can not be epitaxially grown on each
other due to the large lattice mismatch. Although indirect bonding technologies such as
“adhesive bonding” and “eutectic bonding” are easy to use, the glue layer in the order of
micron between the wafers is too thick to obtain an efficient magneto-optic effect. A
conventional wafer bonding technique is classified in “hydrophobic” or ‘“hydrophilic”
bonding where hydrides or hydroxyl groups contribute to the bonding interface, respectively.
Covalent bondings are formed by desorption of these chemisorbed molecules in
high-temperature annealing at 800 — 1000 °C. These bonding procedures between two arbitral

materials A and B are expressed as

A-H+H-B > A-B+H, (3.1
for hydrophobic and
A-OH + "HO-B — A—O-B + H,0 or A=0,=B + H, (3.2)

for hydrophilic treatments. Then, a difference in thermal expansion between dissimilar
materials results in high mechanical stress at the interface. It can make the wafers crack and
completely debond. Therefore, a number of effort and research in wafer bonding is focused on
developing low-temperature procedures [10-14]. Typically, bonding strength increases
proportional to the temperature of thermal treatment. In order to achieve strong bonding with
low-temperature annealing procedures, the surface treatment of bonded wafers is very

important.

3.4.1 Surface activated bonding with oxygen plasma treatment
In this study, a surface activated bonding with oxygen plasma treatment [15,16] is utilized for
bonding between Si and CeY,Fes0;, (Ce:YIG) grown on a (GdCa);(GaMgZr)sO;, (SGGG)
substrate by a RF sputtering epitaxy. Two wafers activated by oxygen plasma treatment are
bonded together and annealed at low temperature in Situ the vacuum chamber.

The oxygen plasma is considered to affect a wafer surface physically and chemically at

the same time. Physical effect is removal of contaminants on a surface by oxygen ions
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accelerated by self-bias voltage of the RF plasma. It is well known that oxygen plasma
treatment is very efficient in removing hydrocarbon and water related species. Chemical
effect is a formation of oxidized or ionized thin layer by the ion “bombardment” that is
indicated by observing a hydrophilic surface after oxygen plasma exposure. In Ref. [15],
ultrathin oxide layer (< 5 nm) is observed at the bonding interface between Si and InP where
Si0; is formed rather than InP-oxide. In the case of bonding between Si and Ce:YIG, we
speculate that Si is oxidized by oxygen plasma to be O —Si, while oxide atom terminating the
crystal lattice of Ce:YIG is sputtered or ionized by oxygen plasma to be CeY,FesO;; or
CeY,FesO;,—O. It is plausible that a direct bonding is achieved as

CeY,Fes0;; + O —Si=Si — CeY,Fes01,—-Si=Si (3.3)
or

CeY,Fes0,1—O" + O =Si=Si — CeY,Fes0;,—S10,-Si (3.4)
by sharing the oxygen atoms in the intermediate oxide layer which is amorphous of Ce:YIG
rich or SiO; rich in each case. We will discuss about the influence of the ultrathin interlayer
on isolator design in Section 3.5.

There are two advantages to bond wafers in situ vacuum chamber without exposing them
to ambient air after oxygen plasma treatment. One is enhancement of bonding strength by
preventing dusts or molecules in air trapping at the activated surfaces which result in voids or
failure of bonding [14]. In addition, the low ambient pressure enhances the bonding speed by
efficient removal of gas molecules such as O, generating or remaining at the interface [17].
Whereas, Suga et al. have showed that strong bonding is obtained when two wafers are
contacted in air after oxygen plasma activation owing to water molecules absorbed on the
activated surfaces [16]. The author presumes that the oxygen activation and hydrophilic
bonding contribute simultaneously in that case even though it is uncertain why the bonding

strength is enhanced.

3.4.2 Experiment
We prepare an experimental setup for surface activated bonding with oxygen plasma

treatment followed by in situ annealing and pressing as shown in Fig. 3.14. Si and Ce:YIG
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wafers are cleaned elaborately with organic solutions and RCA cleaning for Si [18] as the
procedures shown in Table 3.3, where the deionized (DI) water has the electrical resistivity of
> 18.2 MQ-cm refined by ultrapure water system. The surface roughness (RMS) of the two
wafers is below 1 nm. When single particles or protrusions are much higher than this value,
they will create voids and result in nonuniform bonding region. After placing wafers on the
sample stage, the chamber is vacuumed to ~1 x 10” Pa. The plasma is generated with a RF
system of 13.56 MHz between a 3x4 cm” electrode and the chamber. The wafers are exposed
to oxygen plasma with 100-W RF power for 30-s in the chamber pressure of 4.0 Pa, because
moderate plasma treatment gives smooth surfaces and higher surface energy together with
efficient removal of contaminants on the surfaces [15]. After that, the activated surfaces are
attached to each other immediately by using a manipulator in situ the vacuum at ~10~ Pa. The
samples loaded to the press position together with the sample stage are pressed with the
applied pressure of ~5 MPa. Temperature is then increased for annealing at 150 — 400 °C for
30 min and kept it for 1 hour with the pressure. To mitigate the stress induced by the

difference in thermal expansions, the temperature is decreased gradually at a rate of —50

°C/hour.
|l i 0, gas
Anneal \F
ﬁ . Manipulator
—_ plasma _I f
S . «\;bt-
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Vacuum pump T
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Fig. 3.14 Experimental setup for surface activated bonding with oxygen plasma treatment.
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Table 3.3 Cleaning procedure before surface activated bonding.

Si (SOI) Ce:YIG
Solution °C min Solution °C min
Ethanol 120 5 Ethanol 120 5
(Ultrasonic 100kHz) R.T. 3 (Ultrasonic 100kHz) R.T. 3
Ethanol 120 5 Ethanol 120 5
Acetone 100 5 Acetone 100 5
(Ultrasonic 100kHz) R.T. 3 (Ultrasonic 100kHz) R.T. 3
Acetone 100 5 Acetone 100 5
HF:H,0 (1:19) R.T. 40s Ethanol 120 5
DI water R.T. 30s (Ultrasonic 100kHz) R.T. 3
NH4OH:H;0,:H,0 (1:1:5) | 90~100 10 Ethanol 120 5
DI water R.T. 1 Acetone 100 5
HCIL:H,0,:H,0 (1:1:5) 90~100 10
DI water R.T. 1
HF:H,0 (1:19) R.T. 30s
DI water R.T. 10s

Figure 3.15 shows photo images of the sample of Ce:YIG bonded onto Si and SOI flat
wafers with the annealing temperature at 400 °C. The bonded region and surrounding Newton
ring are observed since a thin Ce:YIG layer and an SGGG substrate are transparent at visible
light. Table 3.4 shows the experimental results of the bonding at several annealing
temperatures. Direct bonding is obtained at annealing temperature higher than 200 °C. The
wafers bonded at 300 °C are debonded as time goes by. Cracks are observed in the Ce:YIG
wafer with the annealing at 350 °C and higher, while the bonding remains in the cracked
regions. The bonding strength and the thermal stress increase as the annealing temperature
independently to each other. We notice that debond occurs when the thermal stress becomes

more than the bonding strength, and cracks occurs when both exceed the stiffness limit of the
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Ce:YIG wafer since Si is mechanically a stronger material. The thermal shear stress zmax at the

edge of the bonded interface can be estimated by the following equation [19]

AaAT
_ , 3.5
7’-max \//I_k ( )
PO S 3((11+d22)(1_vf)(31—v§)2 , (3.6)
Ed,  Ed, Ed}(I-v?)+E,di(1-v?)
220,y 2d,(4v) (3.7)

3E, 3E,

where Aca is the difference in thermal expansion coefficients between the two bonded
materials, AT is the temperature change, d; and d, are the wafer thickness, E; and E, are the
Young’s moduli, and v; and 1, are the Poisson ratios. The 7. is calculated to be 2.44
kg/cm?/K or 3.37 kg/cm*/K for the interface between Si (o= 2.6 x 10°/K, d= 0.6 mm, E=1.30
x 10" dyn/cm?, v=0.28) and Ce:YIG (o= 8.0 x 10K, d= 0.5 mm, E= 2.0 x 10" dyn/cm?,
1= 0.29) or between Si and GGG (o= 9.18 x 10'6/K, d= 0.5 mm, E=2.74 x 10" dyn/cmz, V=
0.281), respectively. This can be reduced by using small chip of bonded wafer as well as
annealing at low-temperature.

Figure 3.16 shows a SEM image of the bonding interface between Ce:YIG and Si rib

waveguide bonded with annealing at 400 °C.

Si Ce:YIG SOI Ce:YIG

\

(a) 9.5 mm (b) 9.5 mm
Fig. 3.15 Photo images of bonded sample between (a)Si and Ce:YIG, (b)SOI and Ce:YIG with

the annealing temperature at 400 °C.
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Table 3.4 Experimental results of the surface activated bonding with Si and Ce:YIG

using oxygen plasma of 100-W RF power for 30s, pressed with ~5 MPa.

Temperature (°C) | Bonding Crack
150 X No
200 O No
250 O No
300 O No —> debonded as time goes by
350 O Yes
400 O Yes

Si rib waveguid

g -

15.8kV ®280.8K 1.58rm

Fig. 3.16 SEM image of the bonding interface between Ce:YIG and Si rib waveguide.
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3.5 Characterization

3.5.1 Isolator operation

A magneto-optical isolator with Si waveguides is fabricated. The MZI of the low-loss design
shown in Table 3.2 is fabricated with Si rib waveguides on a SOI wafer with a 0.3-um-thick
Si top layer and a 1.0-pm-thick SiO, layer. Ce:YIG film is grown on a garnet substrate
(SGGQG) with the thickness of 0.5 wm, which is sufficient to offer a nonreciprocal phase shift
without influence of the non-magnetooptic garnet substrate. Figure 3.17 shows the
nonreciprocal phase shift as a function of the Ce:YIG thickness calculated by solving
eigenvalue equation with four-layered structure as described in Section 2.2.1.

Figure 3.18 shows the photo image of the fabricated sample bonded with Ce:YIG by the
surface activated bonding with oxygen plasma treatment and annealing at 250 °C for one hour
with a pressure of 5 MPa. Broad contact areas are formed on Si surface 50-um away from the
rib waveguide to provide a sufficient bonding area. The total length of the waveguide is 4.0
mm, which includes 4.0-um-wide taper waveguides at input and output ends to increase the
coupling efficiency into connecting fibers. The length of the bonded garnet chip is 2.0 mm,
where the nonreciprocal phase shifter is composed by parallel waveguides with the
propagation length of 0.40 mm. The distance of the interferometer arms is to be 0.50 mm,

sufficient to apply an external magnetic field in anti-parallel directions.
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Fig. 3.17 Calculated nonreciprocal phase shift in a SGGG/Ce:YIG/S1/Si10; -layered structure

as a function of Ce:YIG thickness by solving eigenvalue equation.
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Fig. 3.18 Photo image of the fabricated sample.

The optical setup for the measurement of isolator operation is shown in Fig. 3.19. An
amplified spontaneous-emission (ASE) diode having an optical gain in the wavelength range
of 1.53 — 1.565 um, is used as a light source. This light is polarized to TM mode and is
launched into the sample under test through a polarization maintaining fiber (PMF). An
optical switch determines the optical path along clockwise (CW) or counter-clockwise (CCW)
direction through the sample/fiber test setup. The output light transmitted through the sample
is coupled to another PMF to measure the transmittance with a spectrum analyzer. An external
magnetic field is applied to the interferometer arms in anti-parallel direction by using a pair of
small permanent magnets with three reversed poles. The external magnetic field required to
saturate the magnetization of Ce:YIG in-plane is 20 Oe.

The experimental characterizations of the isolator are shown in Fig. 3.20 and Fig. 3.21
that correspond to different isolators of fifth and fourth waveguides from the top on the

sample shown in Fig. 3.18. The dashed lines show the wavelength dependence of the
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transmission spectra for light propagating in CW and CCW directions without applying
external magnetic fields. In this case, the symmetry of the expected two optical paths in the
measurement setup is essentially confirmed. The small power difference in the transmittance
between CW and CCW directions is ascribed to a difference in the performance of MMI
couplers, since the left-hand and right-hand side MMI couples have different upper cladding
layer, as shown in Fig. 3.18. Next, a permanent magnet is placed on the top surface of the
sample to apply external magnetic fields in anti-parallel directions to the two MZI arms. In
this case, it is observed that the transmission spectra differ significantly depending on the
propagation direction as shown by the solid lines in Fig. 3.20 (a) and Fig. 3.21 (a). When we
exchange the permanent magnet for another one with reversed poles, i.e., S-N-S for N-S-N,
the directions of phase shift are also reversed as shown in Fig. 3.20 (b) and Fig. 3.21 (b). That
is the change in transmission spectra by reversing the magnetic field direction corresponds to
that given by reversing the propagation direction. It can be concluded that the
direction-dependent transmittance is due to the nonreciprocal phase shift. The difference in
the transmittance between CW and CCW directions corresponds to the isolation ratio of the
magneto-optical isolator. The maximum isolation ratios of 21 dB at A= 1559 nm and 17 dB at
A= 1546 nm are obtained in the measured transmittance of Fig. 3.20 and Fig. 3.21,

respectively.

Permanent magnet

S Sample
Ccw |_> 1 1
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N
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Fig. 3.19 Setup for the measurement of isolator operation.
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Fig. 3.20 Measured transmission spectra for different propagation directions. Light transmits
the sample from left to right at clockwise (CW) direction and from right to left at
counter-clockwise (CCW) direction. Sold lines show the transmission spectra measure with
external magnetic fields applied to the interferometer arms in anti-parallel direction. Dashed
lines show the transmission spectra measured without magnetic fields. The poles of the

permanent magnet are (a) S-N-S and (b) N-S-N.
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Fig. 3.21 Measured transmission spectra for different propagation directions. The poles of the

permanent magnet are (a) N-S-N and (b) S-N-S.
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Figure 3.22 shows the calculated transmission loss of the isolator design assuming that the
MMI couplers work ideally. The measured transmittance in Fig. 3.21 agrees well with the
solid lines in Fig. 3.22, while the lack of a deep isolation feature at ~1550 nm is limited by the
experimental noise floor at ~70 dB. Note that the bandwidth of the high isolation ratio
observed in Fig. 3.20 is narrower than the calculation and is shifted by ~10 nm. These
differences can be ascribed qualitatively to small dimensional errors in assembling the bonded
garnet chip. These errors cause deviation of the reciprocal phase difference from the designed
value of +m/2, since they make the interferometer arm asymmetry. The modified reciprocal
phase difference is then give by

0z = (B = B, )L agm + B AL (3.8)

where £ and S, are the longitudinal propagation constants with upper cladding layer of
Ce:YIG and air, respectively, AL is the designed optical path difference given by EB
lithography, and Lasym 1s the assumed dimensional error. As an example, the dashed lines in
Fig. 3.22 show the calculated transmission loss when there is a dimensional error of 111 um
propagation distance where the two interferometer arms have different upper cladding regions,
1.e., Ce:YIG and air. In this case, the calculated transmission loss agrees with the measured

results in Fig. 3.20.
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Fig. 3.22 Calculated transmission of the designed isolator. Solid lines show the transmission
spectra without any dimensional error (Lasym= 0 pm), incurred during bonding. Dashed lines

show the transmission spectra with an assumed dimensional error of Lygym= 111 pm.
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3.5.2 Insertion loss

The insertion loss of the fabricated isolator is also examined. The measured transmission loss
is dominated by a coupling loss of 37 dB between waveguide and fiber at the two
waveguide-end facets. The value for coupling loss is obtained by fabricating a sample
waveguide adjacent to the isolator, measuring the total insertion loss of this waveguide (41
dB), and subtracting off the waveguide propagation loss. The insertion loss due to the isolator
itself is 8 dB at the transmission peak of 45 dB in Fig. 3.20. Of 8 dB loss, the excess loss of
the interferometer is ~4 dB, total propagation loss of the interferometer waveguide is ~2.5 dB
at a wavelength of 1550 nm based upon the 0.63 dB/mm transmission loss measured in Fig.
3.10 for 10-nm-height rib waveguide, and additional measured losses include ~0.2 dB after
the direct bonding process due to Ce:YIG absorption and ~1.3 dB scattering losses at the

bonding interfaces calculated in Fig. 3.4 for 0.3-um-thick waveguide.

3.5.3 Temperature dependence

Changing the temperature 20 — 60 °C with a temperature controller beneath the sample, the
transmission spectrum of the isolator operation is measured as shown in Fig. 3.23, where the
permanent magnet is fixed on the sample and the propagation direction is changed from (a)
CW to (b) CCW direction in the measurement setup. The spectrum peak shifts about 3 nm as
the temperature changes by 5 °C while the distance of corresponding peaks between forward
and backward propagation directions is unchanged. This means that the temperature
dependence of the nonreciprocal phase shift is small and the spectrum shifts are incurred by
the temperature dependence of the refractive index of the composed materials. The phase
difference between two symmetric arms ought to be unchanged since the refractive indices are
simultaneously changed in both arms. The temperature dependences of refractive index An/AT
in Si, Si0,, and Ce:YIG are 1.8 x 10%/°C, 1.0 x 10°/°C, and 1.7 x 10™/°C (estimated from
that of GGG [22]), respectively. On the other hand, there is no temperature dependence of
refractive index in air. Thus, the measured spectrum shifts are mainly induced by the
asymmetry in the MZI due to the assembly error as mentioned above. The difference in

temperature dependence of the effective refractive index between the Ce:YIG and air cladding
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regions along the estimated path length of 111 um may give the spectrum shifts. The
difference in the effective refractive index N is estimated at 0.001 from the spectrum shifts
of ~3 nm as the temperature changes by 5 °C, i.e., Ang/AT ~2.0 x 10™/°C. However, this
order is much larger than that of An/AT in Ce:YIG. Consequently, the An.s/AT is caused by a
difference in thermal diffusion at the waveguide surface between the Ce:YIG and air cladding
regions since the temperature is provided from the bottom of substrate in this measurement.
Anyway, the temperature dependence of the isolator operation can be restrained by an

accurate fabrication ensuring the design.
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Fig. 3.23 Temperature dependence of the fabricated isolator. Light transmits the sample at

(2)CW and (b)CCW directions in the measurement setup.
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3.6 Discussion

A magneto-optical isolator with Si waveguides has been successfully demonstrated. And we
need to discuss about the fabrication processes of Si waveguides and direct bonding technique
prospecting for an ultracompact optical isolator.

The propagation loss and the bend loss can be reduced even for a Si-wire waveguide by
using e-beam resist mask and etching with inductively coupled plasma (ICP) or electron
cyclotron resonance (ECR). Yamada et al. realized a Si-wire waveguide with a propagation
loss of 2.4 dB/cm, a 90-degree bend loss of 0.15 dB for 2-um-radius, and also the coupling
loss from/into fiber of 0.5 dB through a spot-size converter of SiON second-core [1]. A MZI
waveguides of the 0.36-mm-length ultracompact design shown in Table 3.2 can be realized
with the insertion loss of about 2.9 dB including the propagation loss of ~0.9 dB, the two
bend losses of ~0.3 dB, the scattering losses of ~1.2 dB at the two bonding boundaries, and
the absorption loss of Ce:YIG of ~0.5 dB.

The direct bonding between Si and Ce:YIG is achieved by the surface activated bonding
with oxygen plasma treatment at 200 — 250 °C which is compatible to a CMOS process.
However, we have not examined the bonding strength yet. The annealing temperature should
be determined after thermal durability testing in the temperature range of practical use.

The oxygen plasma treatment may generate ultrathin oxidized interlayer. The amorphous
interlayer of Ce:YIG-rich without any magneto-optic effect or SiO,-rich may be formed as eq.
(3.3) and (3.4), respectively. Such interlayer makes the nonreciprocal phase shift smaller than
the expected value, which results in longer propagation length to provide the designed
nonreciprocal phase difference. Figure 3.24 shows the propagation length as a function of the
interlayer thickness calculated by solving eigenvalue equation with four-layered structure. If
there is an interlayer of 5-nm-thick SiO,, which has been observed in the Si-to-Si bonding
with oxygen plasma bonding in Ref. [15], the required propagation length changes by ~20 %.
Therefore, we need to investigate the thickness and composition of the interlayer relating to
the bonding conditions by using a transmission electron microscopy (TEM) and a X-ray
photoelectron spectroscopy (XPS). Also, the amount of the nonreciprocal phase shift in the

Ce:YIG/Si/S10; waveguide should be examined by a measurement setup described in Ref
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[20] or [21].
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Fig. 3.24 Propagation length to obtain +7/2 nonreciprocal phase difference, where top layer is
Ce:YIG (n= 2.20) with @p= —4500 deg/cm, guiding layer is 0.3-um-thick Si (n= 3.48), lower

cladding layer is SiO, (n= 1.44), and the interlayer is located between top and guiding layers.

In order to obtain a high extinction in a MZI, it is important to balance the optical power

in two arms. As described in Chapter 2, the output intensity of a MZI is expressed as (2.53)
|Eout|2 :%{a1 +a, +2,aa, cos(é?2 -0, )}Em|2

where Ej, and Eq are the amplitudes of the electric field at the input and output ports and 6,
6, a;, and a, are the phase differences and attenuations of power in each arm. Figure 3.25
shows the calculated output powers as a function of balance in two arms a,/a; where the
phase differences (6—6)) are in-phase and antiphase for forward and backward operations,
respectively. The balance must be more than 0.9 to achieve an isolation ratio > 30 dB. The sub
Mach-Zehnder structures in the MZI arms have been proposed for achieving high extinction
ratio (~48 dB) [23]. The sub MZI is used as an attenuator to compensate the unbalance of
powers in two arms. In the case of our isolator with Si waveguide, ultraviolet light irradiation
can adjust the phase difference in the sub MZIs by changing the refractive indices of Si and

Si0, after fabrication of the isolator.
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Fig. 3.25 Output power of a MZI as a function of balance of the intensities in two arms.

In consideration of mass productivity, there is difficulty in integrating refractory
magneto-optic garnet crystals. It is impossible to cleave the Si gently with the garnet crystal.
Dicing is necessary to cut the Si substrate with the garnet crystal in order to separate one
device from the massively produced wafer. To separate the devices by means of cleaving,
crystal ion slicing technique [24] is useful. Fig. 3.26 shows a schematic drawing of the
fabrication process of the magneto-optical isolator with photonic integrated circuits on a Si
substrate by using a crystal ion slicing technique. As shown in Fig. 3.1, laser diodes, optical
modulators, their drive circuits, and optical waveguides for isolators without magnetic garnet
crystals are fabricated all over one wafer with Si-LSI process. Grooves are formed on the
surface of the garnet crystals coincident with a period of the device. Proper ions are implanted
on the garnet crystals with a depth smaller than that of the grooves from the top surface. Then,
the garnets are bonded onto the Si substrate by the direct bonding technique. By selective
etching or rapid thermal annealing, the garnet substrate is removed and thin garnet layers are
left on the Si substrate due to crystal ion slicing. Therefore, each device can be separated by

cleaving the Si substrate. By preparing such grooved magneto-optic garnet crystals, a number
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of photonic circuits integrated with a magneto-optical isolator can be fabricated in a single

direct bonding process.

@) L’ Magneto-optic garnet crystal

____________________ ﬂ_m_m____________I—I__m________________H_.En-implanted

SOI substrate

(b)
L’ 77777777777777777777 ﬂ 77777777777777777777 ﬂ 77777777777777777777 H Direct bonding
(c) \_‘ ’J
[ [
Ion slicing
l o i L o i LI o i !
(d) Cleaving

Fig. 3.26 Integration process of magneto-optical isolator with Si photonic circuits using a

crystal ion slicing technique in consideration of mass productivity.
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3.7 Summary

In this chapter, a magneto-optical isolator with Si waveguide is demonstrated. First, Si
waveguide is fabricated on a SOI wafer and characterized. Second, a surface activated direct
bonding with oxygen plasma treatment is investigated. A direct bonding between Si and
Ce:YIG is successfully achieved with oxygen plasma treatment of 100-W RF power for 30-s
followed by annealing at 200 — 250 °C with an applied pressure of ~5 MPa. Then, a
magneto-optical isolator composed of a 0.3-um-thick Si rib waveguide for low-loss design is
fabricated and characterized in terms of the nonreciprocal operation by reversing the
propagation direction. The maximum isolation of 21 dB is obtained at a wavelength of 1559
nm. The insertion loss of 8 dB and the temperature dependence of the isolator are also

examined.
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Chapter 4:
Wideband Operation of a Magneto-Optical
Isolator Using Phase Adjustment in

Mach-Zehnder Interferometer

4.1 Introduction

Optical nonreciprocal devices are important components in high speed optical communication
systems. At present, only bulk isolators are commercially available, which are not suitable for
integration. In addition, the operation bandwidth where the isolation >30 dB is obtained is
typically 30 nm around its center wavelength due to a large wavelength dependence of
Faraday rotation of magneto-optic materials. Ando et al. demonstrated a waveguide isolator
using TE-TM mode conversion with the isolation ratio of 12.5 dB [1]. Shintaku demonstrated
a waveguide isolator using nonreciprocal radiation mode conversion with the isolation of 27
dB [2]. However, they suffered small fabrication tolerance as well as the narrow operation
bandwidth.

A waveguide isolator employing nonreciprocal phase shift has been intensively investigated
in Mach-Zehnder interferometer (MZI) configuration [3-7]. It is less sensitive to a fabrication
error because there is no need of phase matching between orthogonally polarized modes.
Fujita et al. demonstrated it with the isolation ratio of around 19 dB at a wavelength range of
1.49 — 1.57 um which is wider than the operation bandwidth of bulk isolators [7]. However,
the wavelength dependence of this isolator has not been fully investigated. In this chapter, the
author proposes and demonstrates a wideband operation of the isolator using phase
adjustment in MZI. First, he explains the proposed principle of wideband operation. Next, the

numerical results of the wideband design are presented for several types of the isolator, and
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the influence on the fabrication tolerance is discussed in the wideband design. An
ultra-wideband design operating at a wavelength range in 1.31 — 1.55 um is investigated. A
magnet-optical isolator is fabricated with the wideband design on a magneto-optic garnet

waveguide, and the successful wideband operation is demonstrated experimentally.

4.2 Principle of wideband operation

The magneto-optical isolator is based on a MZI composed of nonreciprocal phase shifter
(NPS) and reciprocal phase shifter (RPS) as shown in Fig 4.1. External magnetic fields are
applied to the arms of NPS in anti-parallel directions to obtain a nonreciprocal phase
difference (&) of £n/2 in a push-pull manner. A reciprocal phase difference (ék) is provided
by an optical path difference between two arms. In the conventional design, 6k is set to be
+1/2 to cancel the &\ or add to the &, which results in constructive or destructive interference
in forward or backward direction, respectively. The phase differences are set at a center
wavelength (o) of the designed transmission bandwidth, e.g., A= 1.55 um. Figure 4.2 shows
the schematic wavelength dependence of &\, 6k, and the total phase difference in two
directions. Typically, &y and &k decrease monotonically as the wavelength becomes longer.
The wavelength dependence of &y is dominated by the field distribution and the Faraday
rotation of the magneto-optic material. The wavelength dependence of &k is dominated by the
refractive indices of the waveguide structure and the wavenumber k. Deviations of the
nonreciprocal and reciprocal phase differences from respective designed values are cancelled
in the forward direction, while added in the backward direction as shown in Fig. 4.2 (a) and
(b). This behavior determines the wavelength dependence of the isolator operation, and large
backward loss is obtained only in a narrow wavelength range.

To obtain a large backward loss in a wide wavelength range, we change the phase
differences as shown in the lower part of Fig. 4.1. The & is set to be +3n/2, instead of +nr/2,
and the sign of the &\ is reversed, which is done just by reversing the direction of applied
magnetic field, to satisfy the isolator operation. This makes the backward loss less sensitive to
wavelength change as shown in Fig. 4.2 (c) and (d). In addition, the wavelength dependence

of &k is adjusted by tailoring the waveguide parameters such as waveguide width and length
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of the reciprocal phase shifter as shown in Fig 4.3. Then the 6k is expressed as fL,—f1L; with
the longitudinal propagation constants /i, f and their modified lengths L;, L,. When the
deviation of 6k cancels that of &y in a wide wavelength range, the wideband operation of
isolator is realized. On the other hand, wavelength dependence of the forward loss is
deteriorated compared with the conventional design as one can see in Fig. 4.2 (d). However,
the increase in the forward loss is acceptably small for a dramatic improvement of the

backward loss, which is shown by the calculation results mentioned in the next section.

. H NPS F—+H RPS [
input : L ! output
C| : P . | C
NPS
e O
Conventional design
Forward —» —x/2 +n/2 ——»
S R +7/2 +n/2 ~«—— Backward
Wideband design
Forward —» +71/2 +3n/2 —»
<o —1/2 +3n/2 ~<«—— Backward

Fig. 4.1 Schematic diagram of MZI configuration of magneto-optical isolator employing

nonreciprocal phase shift.
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Fig. 4.2 Schematic illustration of wavelength dependence of nonreciprocal and reciprocal
phase differences and the total phase differences in the MZI isolator. (a), (b) correspond to the

conventional design and (c), (d) correspond to the wideband design.

arm 2 Reciprocal
phase shifter

input
P output

Nonreciprocal
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phase shifter

Fig. 4.3 Tailoring waveguide width and length to adjust a wavelength dependence of the

reciprocal phase difference.
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4.3 Calculation results

4.3.1 Wideband design of three types of isolator

Figure 4.4 shows three types of magneto-optical isolator employing nonreciprocal phase shift
we have investigated. These isolators are composed of a magneto-optic garnet rib waveguide
(type-1), a GalnAsP/InP rib waveguide (type-2), and a Si-wire waveguide (type-3),
respectively. The latter two isolators have a magneto-optic garnet upper cladding layer that is
bonded on the waveguide by use of a direct bonding technique [8-10]. The type-2 isolator is
attractive for monolithic integration with a laser diode of compound semiconductor. The
type-3 isolator is realized in ultracompact size as described in Chapter 3.

In the following design, a CeY,Fes01, (Ce:YIG) grown on a (111)-oriented (Ca, Mg, Zr)
doped GGG substrate (SGGG) is used as a magneto-optic garnet. We assume the 3 dB
couplers work ideally to clarify the validity of the idea. The cross sectional image of the
waveguide structures in the nonreciprocal phase shifter is shown in Fig. 4.5, where the latter
two structures have side-cladding layer of air so that they are realized by a direct bonding. On
the other hand, in the reciprocal phase shifter, the upper and side cladding layers are air for
the type-2 structure and SiO, for the type-3 structure. The refractive indices and the Faraday
rotation coefficient of the materials are expressed as shown in Table 4.1 approximating the
wavelength dependence with a quadratic polynomial. The approximations are based on the
listed references, except Si and SiO, obtained from ellipsometry measurement for a SOI wafer.
The waveguide width, thickness, and rib height are set as shown in Table 4.2 so that the TM
propagation is single-mode. The propagation constant is calculated by mode solving of
full-vector FEM [16].

First, the &y is designed with the propagation length of nonreciprocal phase shifter so as to
be +r/2 at A= 1.55 um. The nonreciprocal phase shift is calculated by perturbation theory as
described in Chapter 2. The wavelength dependence of & is determined by the nonreciprocal

phase shift for the fixed propagation length L designed at A= 1.55 um.
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Fig. 4.4 Three types of magneto-optical isolator employing nonreciprocal phase shift.
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Fig. 4.5 Waveguide structures of the nonreciprocal phase shifter.
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Table 4.1 Refractive indices approximated as a function of the wavelength A (um).

Material Refractive index n(\) Ref.
CeYIG 2.2122709-0.0079167*A [11-13]
SGGG 1.9661938-0.0270747*).+0.00656483*.° [13,14]

GalnAsP (o= 1.42 pm) | 5.81338353-2.72352246*1+0.772876982*.> |  [15]

InP 3.66193927-0.516531590*1+0.128646194*).° [15]
Si 3.8152773-0.349117169*)+0.085683376*)* -
SiO; 1.44716-0.00787891*).+0.00210296*> -
Faraday rotation of Ce:YIG —20000+10000*A (deg/cm) [11-13]

Next, the width of one arm in the reciprocal phase shifter is modified. In the case of
type-1 isolator, the modified width is set at w,= 2.4 um against the waveguide width w;= 2.0
um. Then the L; and L; are adjusted so that the ¢ is ~3n/2 at A= 1.55 um and the wavelength
dependence of &k is similar to that of 6y. The section lengths of the reciprocal phase shifter
are designed at L;= 10.0 um and L,= 10.575 um, and the wavelength dependences of &y and
¢k for type-1 isolator are calculated as shown in Fig. 4.6 (a). The total phase differences of the
MZI in both propagation directions are calculated as shown in Fig. 4.6 (b). One can see that
the total phase difference of the backward direction in the wideband design is very flat as the
wavelength since the wavelength dependences of &y and ¢ are cancelled each other. Fig. 4.7
shows the forward and backward losses of the type-1 isolator calculated from the phase
differences. The backward loss exhibits tremendous improvement in the wideband design.
The wavelength range with the isolation ratio of >30 dB is over 200 nm at A= 1.45 — 1.65 um
in the wideband design while that is 30 nm at A= 1.535 — 1.565 um in the conventional design.
On the other hand, the forward loss of the wideband design gets worst compared with the
conventional design as predicted from Fig. 4.2 (d). However, the deterioration is <0.5 dB in
the calculated wavelength range, which is acceptably small against the dramatic improvement
of the backward loss.

In the same way, wideband designs are investigated in the type-2 and type-3 isolators. In

the case of type-2 isolator, the modified widths are w,= 1.6 um against w;= 1.5 um and the
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section lengths are designed at L;= 6.0 um and L,= 6.279 um. The phase differences in the
MZI are calculated as shown in Fig. 4.8. The forward and backward losses are obtained from
them as shown in Fig. 4.9. The wavelength range with the isolation ratio of >30 dB is over
200 nm at A= 1.45 — 1.65 um in the wideband design while that is 20 nm at A= 1.54 — 1.56
um in the conventional design. The deterioration of the forward loss is <1.0 dB in the
calculated wavelength range.

In the case of type-3 isolator, the modified widths are w,= 0.7 um against w;= 0.6 um and
the section lengths are designed at L;= 40.0 um and L,= 39.68 um. The phase differences in
the MZI are calculated as shown in Fig. 4.10. The forward and backward losses are obtained
from them as shown in Fig. 4.11. The wavelength range with the isolation ratio of >30 dB is
~110 nm at A= 1.485 — 1.595 um in the wideband design while that is 20 nm at A= 1.54 — 1.56
um in the conventional design. The deterioration of the forward loss is <1.5 dB in the
calculated wavelength range. The type-3 isolator shows larger wavelength dependence of the
reciprocal phase difference even in the wideband design. This is because Si has larger
wavelength dependence than any other materials. In addition, the high-index-contrast
waveguide is sensitive to the dimensional modification.

These designs are examples of the wideband design with a combination of modified
waveguide width. The design concept is applicable to the isolator with any other material,

structure, and dimension.

Table 4.2 Waveguide dimension of the wideband designs. (unit: um)

Type-1 Type-2 Type-3
Height (h) 0.48 0.36 0.22
Rib height () 0.08 0.16 0.22
Width (wy) 2.0 15 0.6
Modified width (w5) 2.4 1.6 0.7
Conventional design (Lgps) 0.196 0.121 0.212
Wideband design (L1 / Ly) 10.0/10.575 6.0/6.279 40.0/39.68
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Fig. 4.6 (a) Phase differences in the nonreciprocal and reciprocal phase shifters, and (b) total

phase differences of the MZI in both propagation directions for type-1 isolator
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4.3.2 Fabrication tolerance

We examine the dependence of fabrication errors in the wideband design comparing with the
case of the conventional design. We assume three fabrication errors in waveguide width, rib
height, and optical path length for the type-1 isolator.

The waveguide width may have some errors caused in the fabrication process. Fig. 4.12
shows the wavelength dependence with errors in the waveguide widths w; and w,, where
uniform errors are assumed along the whole waveguides. The & is re-calculated for every w;.
A combination of narrow widths makes the 6k large as the difference in propagation constants
S and 3 increase. Since the change of 6k is larger than that of &, the total phase difference
in the backward direction slightly increases from the designed one for a combination of
narrow widths, and vice versa. Slightly concave wavelength dependence of the backward
direction as shown in Fig. 4.8 (b) determines the wavelength dependence of the backward loss.
That is, the extinction peaks appear when the total phase difference corresponds to .

The rib height may also have some errors caused in the fabrication process. Fig. 4.13
shows the wavelength dependence with errors in the rib height of all waveguide of the isolator.
The &\ is also re-calculated for every rib height. In this case, both the propagation constants
S and S increase for smaller rib height since the light field distributes less in the side
cladding layer. These increments are larger in S than f, and the & becomes small for
smaller rib height. On the other hand, the &y hardly changes as the rib height. Therefore, the
total phase difference in the backward direction slightly decreases from the designed one for a
smaller rib height, and vice versa. The backward loss is determined by the slightly concave
wavelength dependence of the total phase difference.

The optical path lengths of MZI arms are precisely determined by e-beam lithography. An
error induced in both arms with the same amount can be neglected since it provides no phase
difference between two arms. So, very small error in the length of one arm is considered. Fig.
4.14 shows the wavelength dependence with an error in the modified length L, of the
reciprocal phase shifter in the wideband design and in the path length of one arm in the
conventional design. The difference in optical path length between two arms is very important

for MZI to provide the phase difference. Even in the conventional design, the wavelength
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dependence shifts ~20 nm with the errors from —5.0 nm to +5.0 nm. This is a serious problem
because the wavelength range with >30 dB isolation ratio is just ~30 nm. Even though the
backward loss in the wideband design changes significantly, the isolation ratio remains high
(>30 dB) in a wide wavelength range. One can see that the fabrication tolerance is improved

in the wideband design compared with that in the conventional design.
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Fig. 4.12 Wavelength dependence of the type-1 isolator with errors in waveguide width, for
(a) forward loss and (b) backward loss. The other waveguide parameters are fixed at the

designs shown in Table 4.2.
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forward loss and (b) backward loss. The other waveguide parameters are fixed at the designs

shown in Table 4.2.
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Fig. 4.14 Wavelength dependence of the type-1 isolator with errors in length of one arm, for
(a) forward loss and (b) backward loss. The other waveguide parameters are fixed at the

designs shown in Table 4.2.
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4.3.3 Ultra-wideband design

In this section, the author investigates further widening the operation bandwidth using the
proposed concept. The wideband design is based on a flat wavelength dependence of total
phase difference in the backward direction. However, it is not completely flat as & and &k
have specific wavelength dependences. Typically, &y and ¢ are a convex and concave
function as the considering wavelength range, respectively, as can be seen in Fig. 4.6. In order
to realize further wideband operation, the wavelength dependence of & is to be elaborately
adjusted to that of &\.

The waveguide parameters of reciprocal phase shifter affect its wavelength dependence as
follows. Wider waveguide has larger propagation constant at the shorter wavelength due to
highly optical confinement into the waveguide core. The wavelength dependence of the
propagation constant is as shown in Fig. 4.15 (a). The difference between S and /£ is large at
the shorter wavelength and is convex as shown in Fig. 4.15 (b). When the section lengths L;
and L, are equal, the phase difference between two sections exhibits the convex wavelength
dependence and its curve is multiplied by the length as shown in Fig. 4.15 (c). When the
section length L, is increased for a fixed Lj, wi, and w,, the wavelength dependence of the
phase difference changes as shown in Fig. 4.15 (d). The reason is that the phase difference of

the elongated section is affected only by £, and has a concave wavelength dependence.

B B2—pi (B—B1L OR
A A

W,-W; : const.
w : large w,-w; : large L : large wy>wy Lp>Ly

>
>

(a) (b) (© (d)
Fig. 4.15 Wavelength dependence of (a) propagation constant as a parameter of waveguide
width, (b) the difference in propagation constant £—/4, (c) the phase difference provided by
(B—p1)L as a parameter of the section length, and (d) variation of reciprocal phase difference

&= Lo—piL, as a parameter of the difference in section length.
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Based on such a behavior, we design a magneto-optical isolator operating in an ultra-
wideband range from 1.31 um to 1.55 um. Two extinction peaks where the backward phase
difference corresponds to = are adjusted to 1.31 um and 1.55 um. The center wavelength is to
be chosen properly to minimize the forward loss at the band edges and to provide sufficient
backward loss in a desired wavelength range. In this design, we set the center wavelength at
1.43 pm.

A rib waveguide formed on a Ce:YIG film grown on a SGGG substrate and covered by
SiO, upper layer is assumed. The waveguide and rib heights are 0.48 um and 0.08 um,
respectively, that is the same as type-1 isolator treated thus far. We set the waveguide width w;
at 2.0 um and modify the width w, from 2.4 um to 3.0 um. Fig. 4.16 shows the reciprocal
phase difference 6 of wi= 2.0 um and w,= 2.4 um with a parameter of section lengths where
L, is slightly modified from L; so that the —6y+6&k becomes +n at A= 1.55 um. Table 4.3
shows the optimized lengths L; and L, so as to have two extinction peaks at A= 1.31 um and
1.55 um. Fig. 4.17 shows the nonreciprocal and reciprocal phase differences for several
combinations of waveguide width. In this case, the combination of the waveguide widths with
larger difference shows similar wavelength dependence of &k to that of &y. This realizes
higher backward loss in a wide wavelength range as shown in Fig. 4.18. In the ultra-wideband
design with the waveguide widths of w;= 2.0 pm and w,= 3.0 um, the forward loss of <1.0 dB

and the backward loss of >26 dB is obtained at the wavelength range of 1.25 — 1.60 um.

Table 4.3 Optimized waveguide parameters of reciprocal phase shifter.

Wy (um) W (um) Ly (um) Lo (um)
2.0 2.4 1900 1898.453
2.0 2.6 880 879.178
2.0 2.8 510 509.548
2.0 3.0 360 359.714
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4.4 Fabrication of a wideband isolator

We fabricate a wideband isolator with the type-1 structure described above. A 0.48-um-thick
Ce:YIG film is grown on a (111)-oriented (GdCa)s;(GaMgZr)sO:, (SGGG) substrate by a
radio frequency (RF) sputtering epitaxy with the substrate temperature at 670 °C. Argon
containing oxygen at a volume ratio of 0.28% is used as the sputter gas. After the growth, the
film is covered by ~300-nm-thick SiO, which protects the film surface during the following
procedures. A post-annealing process at a temperature of 800 °C for 30 min is employed to
reduce the propagation loss of the Ce:YIG film [12,13]. After coating 400-nm-thick
electron-beam resist OEBR-1000 on the sample surface by a spin coater with 4000 rpm for 40
sec, it is baked at 180 °C for 30 min. ~30-nm-thick Al is coated on it to increase the
conductivity of electron-beam. The waveguide patterns are exposed by e-beam lithography
with accelerating voltage of 50 kV and are developed with a mixture of methyl isobutyl
ketone and isopropanol (1:1) for 1 min. The patterns are transferred to a Ti mask formed by
e-beam deposition, which is lifted off with acetone. After reactive ion etching in a CHF;
plasma for SiO, etching, the rib waveguide is formed on Ce:YIG surface by Ar sputter etching
with a 100-W RF power. The Ti mask is removed by a mixture of sodium hydroxide and

hydrogen peroxide (1:1) at ~100 °C. Then SiO, is deposited on the whole surface of the
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fabricated waveguide. Finally, the ends of the waveguide are obtained by cleaving at a notch
formed by dicing-saw.

Here, we utilize a concept of ultra-wideband design to realize wider bandwidth. That is,
the curve of the wavelength dependence is considered in the design although it is focused on
the performance improvement in the wavelength around 1.55 um. In this case, it is designed
with the propagation constants /1, /%, and the nonreciprocal phase shift calculated by solving
an eigenvalue equation of four layered structure approximated from the 2-D waveguide
structure. The waveguide height is set at 0.48 um to maximize the nonreciprocal phase shift
and the rib height is set at 0.08 um. The designed lengths of the modified waveguide widths
wi;= 2.0 um and wy= 2.4 um are L;= 900 um and L,= 899.55 um, respectively. Tapered
waveguides which connect the modified section are installed in both arms to avoid the
imbalance between the two arms such as excess loss and phase shift associated with the taper.
The designed forward and backward losses are indicated by red lines in Fig. 4.19. We also
calculate these losses with the designed parameter by using a mode solver of FEM and the
perturbation theory to obtain the nonreciprocal phase shift as shown in Fig. 4.20. There is a
difference in the optimum design between the calculation methods especially when the
section lengths are large.

A 0.5-mm-long and 24-pum-wide multi-mode interference (MMI) coupler is designed for
the 3dB coupler. The two MZI arms are formed 300 um away from each other, sufficient to
apply an external magnetic field in anti-parallel directions, by 5-degree bending waveguides
of 3.0-mm-radius. The total length of the waveguide is ~6.0 mm, which includes
0.75-um-wide down-taper waveguides at input and output ends to increase the coupling
efficiency into connecting fibers. In order to confirm the wideband operation, two
magneto-optical isolators with the conventional and wideband designs are fabricated using
these waveguide components on a sample.

Fig. 4.21 shows the photo image of the fabricated sample from the top view. Fig. 4.22
shows the SEM image of cross section of the fabricated waveguide facets which is the end of
the 0.75-um-wide down-taper waveguide. The rib height of the fabricated waveguide is

observed to be 60 nm. The calculated operation spectra considering this error in rib height are
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shown by the blue lines in Figs. 4.19 and 4.20. The extinction peaks shift to the longer

wavelength.
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Fig. 4.19 Calculated operation spectra of magneto-optical isolator in the conventional and
wideband designs by solving eigenvalue equation with approximated waveguide. Dashed and

solid lines are forward and backward losses, respectively.
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Fig. 4.20 Calculated operation spectra of magneto-optical isolator in the conventional and
wideband designs by a mode solving of FEM and the perturbation theory. Dashed and solid

lines are forward and backward losses, respectively.
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Fig. 4.22 SEM image of cross section of the fabricated waveguide on a Ce:YIG film.
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4.5 Characterization

Optical measurement setup is shown in Fig. 4.23. Polarized light from an amplified
spontaneous emission (ASE) diode having an optical gain in the wavelength range of 1.53 -
1.565 pum is launched into the waveguide facet with TM mode. First, near field pattern of the
transmitted light is observed with infrared-camera. The light is propagating along clockwise
(CW) direction. The sign of nonreciprocal phase difference is determined by a direction of the
applied magnetic field. A permanent magnet with three poles is set on the waveguide to apply
an external magnetic field in anti-parallel directions to obtain a nonreciprocal phase shift. Fig.
4.24 shows the observed near field patterns of the transmitted light which is interchanged
between the center and side ports depending on the phase difference in the MZI arms. When
the external magnetic field is applied to the MZI arms in parallel to the propagation direction,
no nonreciprocal phase difference is induced between two arms. Inverse push-pull operations
are observed in each design for respective poles of the permanent magnet. This behavior

agrees with the operation principle as shown in Fig. 4.1.
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IR-camera

Tunable LD | | ASE
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Fig. 4.23 Optical measurement setup for a magnet-optical isolator.
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(a) magnet: S-N-S (b) magnet: parallel (c) magnet: N-S-N

(d) magnet: S-N-S (e) magnet: parallel (f) magnet: N-S-N

Fig. 4.24 Near field patterns of transmitted light with an ASE light source having an optical
gain around A= 1.55 um. The isolators are fabricated with (a), (b), (c) conventional design and
(d), (e), (f) wideband design on a sample. An external magnetic field is applied in parallel to

the light propagation in (b) and (e).

Next, fixing the permanent magnet, transmitted light from the center waveguide is
coupled into another fiber. A tunable laser diode which has an operating wavelength range in
1.51 — 1.64 um is used as the light source. Fig. 4.25 shows the transmitted power of the two
isolators measured with an optical power monitor for light propagating in clockwise (CW)
and counter-clockwise (CCW) directions. The forward loss corresponds to the case where
larger power is transmitted to the center port, while the backward loss corresponds to the
reversed direction with the fixed magnet. The propagation direction is reversed by
interchanging the connection of the optical fiber. The transmission loss measured in a single
waveguide fabricated beside the isolator on the sample is monotonically decreased from 40
dB at A= 1.51 um to 31 dB at A= 1.64 um, which includes the waveguide propagation loss
mainly dominated by the optical absorption of Ce:YIG and coupling loss of ~30 dB at two
facets between fiber and waveguide. There is little difference in the transmitted power

between the single waveguide and the forward propagation of isolator in wideband design,
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which means that the excess loss of the fabricated MZI is small. Therefore, the insertion loss
of the fabricated isolator except the coupling loss between fiber and waveguide is mainly
dominated by the propagation loss of the waveguide and is estimated to be 6 dB at A= 1.55
um. The degradation of the forward loss in the conventional design is not due to the design
but the accuracy of fabrication. That is, the coupling loss between the fiber and waveguide or
the propagation loss of the waveguide is accidentally larger in the conventional design than
that in the wideband design.

Figure 4.26 shows the transmission loss normalized with the transmittance of the single
waveguide. The measured results agree with the calculated ones qualitatively though it is not
as much as the calculation results. Generally, the extinction of a MZI is limited by the power
imbalance as well as the deviation of phase difference between two arms. Also, the maximum
sensitivity of the measurement setup is ~70 dB. The scattered data of the backward loss
measured at the shorter wavelength region are due to the latter one. Therefore, the small
extinction peak at A~ 1.54 um in Fig. 4.26 (b) may not correspond to the calculated peaks at
A~ 1.55 um shown in Fig. 4.19. If so, the measured results agree rather well with the
calculation results in Fig. 4.20. The difference in transmission loss between the forward and
backward directions corresponds to the isolation ratio. Larger isolation ratio is obtained in a
wider wavelength range in the wideband design. High isolation ratio of 15 — 25 dB is obtained

in a wavelength range between 1.53 um and 1.64 um in the wideband isolator.
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Fig. 4.25 Measured transmission of the fabricated isolator with (a) conventional design and

(b) wideband design.
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Fig. 4.26 Measured transmission of the fabricated isolator with (a) conventional design and

(b) wideband design.
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4.6 Discussion

In Section 4.5, a magneto-optical isolator with wideband design around A= 1.55 um has been
demonstrated on a Ce:YIG waveguide. It is difficult to control the nonreciprocal phase
difference in the MZI composed of a magneto-optic waveguide because the external magnetic
field is unfortunately applied to the bending waveguides which separate the two arms to be
applied the magnetic fields in anti-parallel direction. In this measurement, we control the
nonreciprocal phase difference by placing the permanent magnet with three poles properly.
This problem is solved by using the magneto-optic material only in the nonreciprocal phase
shifter such as type-2 or type-3 isolator.

We also design an ultra-wideband isolator operating in 1.31 um and 1.55 um on a Ce:YIG
waveguide. However, it can not be demonstrated since the optical absorption loss of the
Ce:YIG waveguide is large at the shorter wavelength. Fig. 4.27 shows the propagation loss of
a Ce:YIG waveguide after post-annealing process measured by a cut-back method. The
transmission losses through the several propagation lengths are measured with tunable laser
sources having an operating wavelength range of 1.26 — 1.36 um and 1.34 — 1.44 um or an
ASE source. The propagation loss is ~1 dB/mm at A= 1.55 um but is 6 — 8 dB/mm at A= 1.31
um that is a serious problem for the magneto-optical isolator of the Ce:YIG waveguide. This
can be circumvented by using the waveguide structure of type-2 or type-3 isolator. Since the
Ce:YIG is used as an upper cladding layer, the absorption loss of a propagating light is greatly
reduced. A magneto-optical isolator with the ultra-wideband design is to be demonstrated with

such a waveguide structure.
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Fig. 4.27 Propagation loss of a Ce:YIG waveguide as a function of wavelength.

4.7 Summary
A wideband operation of a magneto-optical isolator employing nonreciprocal phase shift has
been proposed and demonstrated. The wideband operation is realized by phase adjustment in
the MZI to compensate the wavelength dependence of nonreciprocal phase shift for that of
reciprocal one. First, we demonstrate a dramatic improvement of the backward loss with
acceptably small deterioration of the forward loss by numerical calculations. This design
concept is applicable to the isolator with any other material, structure, and dimension. Next,
we fabricated a wideband isolator with Ce:YIG waveguide and demonstrate the wideband
operation experimentally. High isolation ratio of 25 dB is successfully obtained at A= 1.60 um
owing to the wider operation spectrum.

Such wideband operation has never been reported in bulk isolators because it is difficult to
control the wavelength dependence of the bulk materials. On the other hand, a waveguide

structure has many controllable parameters as mention above.
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Chapter 5:
Polarization-Independent Magneto-Optical
Isolator Using TM-Mode Nonreciprocal

Phase Shift

5.1 Introduction

In high-speed optical fiber communication systems, magneto-optical isolators are
indispensable in protecting optical active devices from unwanted reflected lights. Especially
in highly developed optical fiber amplification systems, polarization-independent optical
isolators are strongly desired. At present, the polarization-independent isolators are widely
used in commercial systems [1]. However, there is no waveguide isolator operating even for
one polarization in commercial systems.

The waveguide isolator investigated in this study is employing nonreciprocal phase shift
normally induced in TM mode with a thin-film magneto-optic waveguide. The essence of the
nonreciprocal phase shift is based on the asymmetry of waveguide-layer structure with respect
to the direction of the electromagnetic field of the guided mode. In order to obtain a
nonreciprocal phase shift for a TE mode, a waveguide must be configured so as to have
horizontal asymmetry; typically, this is an asymmetry structure that is more difficult to realize.
Polarization-independent waveguide isolators that employ a nonreciprocal phase shift have
been proposed by two researchers. Zhuromskyy et al. [2] used horizontal and vertical domain
walls in the magneto-optic guiding layer, and Fujita et al. [3] used different side cladding
layer in order to simultaneously induce nonreciprocal phase shifts for the TE and TM modes.
Other configurations for a polarization-independent operation of a waveguide optical isolator

based on Faraday rotation have also been proposed [4,5].
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In this chapter, the author proposes a polarization-independent isolator using
nonreciprocal phase shift only for the TM mode. This device is a Mach-Zehnder
interferometer (MZI) with polarization converters and nonreciprocal phase shifters. The
operation is realized not by a polarization-diversity scheme but by the phase differences
between reciprocal TE and nonreciprocal TM modes. This configuration not only obviates the
need for a nonreciprocal phase shift for both modes but also makes it possible to fabricate
using an integrated structure, such as a semiconductor guiding layer, which we have

investigated [6-8].

5.2 Principle of polarization-independent operation

Figure 5.1 shows a schematic configuration of the proposed optical isolator. The MZI has
polarization converters (PC), nonreciprocal phase shifters (NPS), and an additional © phase
shifter. All components are composed of planar waveguide structures; the nonreciprocal phase
shifters utilize a magneto-optic material with an applied external field. Here, the polarization
converters are assumed to give 100% polarization conversion between TE and TM modes,
after which the lightwaves propagate in the nonreciprocal phase shifter of each arm, where
each has a different polarization mode. The nonreciprocal phase shifters induce phase
differences between the different modes as follows:

(Bre = Brw. L+ 7 =2mz (5.1)

(Bee = P )L+7=2n+1)x (5.2)
where fre, frms, and frv- denote the longitudinal propagation constants of the TE and the
forward- and backward-traveling TM modes, respectively, and m and n are integers. Note that
the second term of +m in (5.1) and (5.2) is induced by a w phase shifter. As a result of the
conditions in these two equations, the forward waves interfere constructively, and the
backward waves interfere destructively in 3dB couplers. Since both input modes follow these
relations, the MZI functions as a polarization-independent optical isolator.

Although the additional © phase shifter is not necessary for polarization-independent

isolator operation, it makes backward loss keep high despite the inefficiency of the

polarization converters. This property enables one to use a broader range of waveguide
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polarization converters for this isolator application, which have been proposed and
demonstrated [9-15] although it would be rather difficult to realize a truly ~100% mode
conversion device. The performance of the isolator is summarized in Table 5.1 for four
possible input combinations of forward/backward and TM/TE mode, where m = n = 0 are
assumed for simplicity in (5.1) and (5.2). The polarization conversion efficiency is
represented by 7. Two rows in each case denote the waves that are divided into two arms of
the interferometer, where the relative phase of each polarization component is indicated in
brackets. The forward waves that are converted to the other mode from the input one as is
desired, become in-phase and are transmitted to the output port. The unconverted components
become anti-phase due to the additional © phase shift, and interfere destructively, which
results in the insertion loss. The backward waves become antiphase whether any mode
conversion is induced or not. That is, the design ensures that any backward traveling waves
become antiphase despite an incomplete polarization conversion, which is favorable for the

isolator performance.

External magnetic field

input

C : 3dB coupler

PC : Polarization converter

NPS : Nonreciprocal phase shifter
7 : Additional phase shift

Fig. 5.1 Schematic diagram of the proposed polarization-independent optical isolator.
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Table 5.1 Operation principle of polarization-independent optical isolator.

3dB PCI NPS PC2 T 3dB
—_— N nTE [0] N NTE [1/2] - NTE [1/2] - nTE [31/2]
(1-))TM [0] (1-)TM [-n/2] (1-0)TM [-m/2] (1-)TM [1/2]
™ - - nTE
TE [-n/2 TE [-n/2
TM [0] e TM [0] e ™ [-n/2] e R e L)
(1-n)T™M [-m/2] (1-n)TM [-n/2]
TE 0] S nTM [0] S NnT™ [-n/2] S NTM [-n/2] S NnT™ [n/2]
(1-n)TE [0] (1-n)TE [1/2] (1-)TE [r/2] (1-)TE [31/2]
TE - - nT™
T™ [n/2 T™ [n/2
TE [0] e TE [0] e TE [n/2] - M ] - M ]
(1-))TE [r/2] (1-n)TE [1/2]
TE [37/2
R R < TEM [372] < ™ [n] < ™ [n] < TM [0]
(1-n)TM [3m/2]
0 <— <— ™
TE [n/2 TE [n/2 TE [0
NTE [n/2] - NTE [n/2] « nTE [0] - ™ [0] - ™ [0]
(1-n)TM [1/2] (1-)TM [/2] (1-)TM [0]
T™ [3n/2
NIMBRRL TE [3n/2] < TE [r] < TE [r] < TE [0]
(1-))TE [37/2]
0 <— <— TE
™ [n/2 T™ [n/2 T™ [0
NnT™ [n/2] - NT™ [n/2] . nT™ [0] - TE[0] - TE[0]
(1-)TE [r/2] (1-)TE [1/2] (1-n)TE [0]

5.3 Device structure

The author shows two examples of the device structure that realize the proposed isolator
configuration as is shown in Fig. 5.1. For both devices, a magneto-optic garnet CeY,FesO,,
(Ce:YIG) that has a large Faraday rotation coefficient of —4500 deg/cm at 1.55 um is grown
on a (Ca, Mg, Zr) doped GGG substrate [16]. The type-1 isolator that is shown in Fig. 5.2 has
a Ce:YIG guiding layer and a SiO; cover layer. The type-2 isolator, which is shown in Fig. 5.3,
has a Si waveguide that is fabricated on a silicon-on-insulator (SOI) wafer and a Ce:YIG
upper cladding layer, which is realized with a direct bonding technique [6-8]. An external
magnetic field is transversely applied to the propagation direction and is parallel to the film
plane to obtain a nonreciprocal phase shift only for TM mode.

The polarization converters have an asymmetric waveguide structure that realizes a
passive polarization conversion. The isolators of type-1 and type-2 are assumed to have a
periodic loaded waveguide [9] and an angled facet waveguide [10,11,15], respectively.

The additional reciprocal phase shift, which must be an odd multiple of = for both TE and

TM modes, is realized by installing an optical path difference between two interferometer
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arms. Another alternative is to employ 2 x 2 couplers for the MZI and to use its
straight-through ports since they divide an input wave into antiphase waves.

In the following design, the operating wavelength is assumed to be ~1.55 pm.

SiO2

n phase shifter pmm| coupler

Nonreciprocal phase shifter

Fig. 5.2 Device structure of a polarization-independent isolator composed of a magneto-optic

guiding layer (type-1).

7 phase shifter

MMI coupler

Yi Si0s Polarization converter

Nonreciprocal phase shifter

Fig. 5.3 Device structure of a polarization-independent isolator composed of a Si waveguide

based on SOI structure (type-2).
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5.4 Design of nonreciprocal phase shifter

The cross-sectional images of the nonreciprocal phase shifter are shown in Fig. 5.2 (b) and
Fig. 5.3 (b). Here, the refractive indices of Ce:YIG, (Ca,Mg,Zr)-GGG, Si, SiO,, and air are set
at 2.20, 1.94, 3.48, 1.44, and 1.0 at a wavelength of 1.55 um, respectively. The nonreciprocal
phase shift Af (= frm+—/frm-) is calculated based on the perturbation theory together with a
mode solver of beam propagation method (BPM) [17] as described in Chapter 2. Fig. 5.4
shows the calculated nonreciprocal phase shift as a function of waveguide thickness. The
waveguide widths are assumed to be 2.0 um and 1.0 um for type-1 and type-2 structures,
respectively. The nonreciprocal phase shifts are maximized at small film thickness. A large
nonreciprocal phase shift means a small propagation length L in (5.1) and (5.2). In the
following discussion, the thickness of the waveguide core is fixed at 0.5 and 0.2 um for the
type-1 and type-2 isolators, respectively.

The nonreciprocal phase shifter is designed as a function of the waveguide width. Figure
5.5 (a) shows the width-dependent effective refractive indices of the TE and TM modes that
are calculated by BPM for the type-1 isolator. The nonreciprocal propagation constants of the
TM mode are estimated by adding and subtracting Af/2 to the unperturbed propagation
constant. Upon subtracting (5.2) from (5.1), the minimum propagation length L can be
obtained by setting m = n. Figure 5.5 (b) shows the nonreciprocal phase shifts for the TM
mode and the minimum required propagation lengths as a function of the waveguide width.

By using these parameters, the output powers of the MZI are calculated from the left-hand
side of (5.1) and (5.2) (see the dashed and solid lines in Fig. 5.5 (c), where the 3 dB couplers
and polarization converters are assumed to ideally function). When one term becomes 1 and
the other becomes 0 at a particular waveguide width, (5.1) and (5.2) are satisfied, and the MZI
functions as a polarization-independent isolator. For example, the type-1 isolator is designed
for a guiding layer thickness of 0.5 um at a width of 3.5, 2.6, 2.25 um, and so on. On the other
hand, at a width of 2.98, 2.38, and 2.14 um, an optical isolator operation is obtained by

reversing the direction of the external magnetic field.
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Fig. 5.4 Calculated nonreciprocal phase shift as a function of the waveguide thickness.
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In the same way, the type-2 isolator is designed as shown in Fig. 5.6 (a) — (c). For a
guiding layer thickness of 0.2 um, the designed widths are 2.05, 1.6, and 0.9 um, or for the
reverse propagation direction, they are at 2.4, 1.5 um, and so on. It should be noted that the
fabrication tolerance for the width of the MZI is higher for wider waveguides in both material

systems.
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propagation length, and (c) output power of the MZI for type-2 isolator at a waveguide
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The operation spectrum of this device is determined by the difference in the wavelength
dependences of the propagation constants for the two orthogonal modes frg(A) and Srm()L);
that is, the phase difference is based on (fre(A) — frm(A)). The nonreciprocal phase shifter is
designed for fixed waveguide thickness. The designed waveguides have different wavelength
dependences for fSrg(A) and Srm(M).

Figure 5.7 shows the schematic image of the wavelength dependence of the calculated
quantity (fre(A) — frm(A)). Here, we calculated the wavelength dependences of propagation
constants considering the wavelength dispersion of the refractive indices using the same
assumption in Section 4.3.1. For a fixed thickness, the widest operation bandwidth around the
center wavelength (A¢) is found at a specific width in case of Fig. 5.7 (b). Figure 5.8 shows
the calculated wavelength dependence of the type-2 isolator for 0.25-um-thick Si layer with
several waveguide widths. In this case, (b) shows the widest operation bandwidth in a
wavelength range from 1.53 to 1.565 pm (C-band). So, the waveguide width is optimized at

0.86 pm for 0.25-um-thick Si layer.

ﬁTE _ﬂTM ﬂTE _ﬂTM ﬂTE _ﬂTM
A (a) A (b) A ©
| > )\ | > L i > )
Ac Ac Ac
>» width

thickness <

Fig. 5.7 Schematic wavelength dependence of the difference between frg and Srm.
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Fig. 5.8 Calculated wavelength dependence of the type-2 isolator. The height of Si waveguide
is set at 0.25um. The widths and the lengths of nonreciprocal phase shifter are (a) w = 0.80
pum and L =551.6 um, (b) w=0.86 pm and L = 543.9 pm, (c) w= 1.0 um and L = 538.1 pm,

and (d) w=2.0 um and L = 524.0 um, respectively.
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The combination of the guiding layer thickness and width at which the operation
bandwidth becomes the largest in C-band is plotted in Figs. 5.9 and 5.10 for type-1 and type-2
isolators, respectively. The similar operational bandwidths, from 1.53 to 1.565 pum, are
obtained for these parameter combinations. All designs are calculated for the TE and TM
fundamental modes. However, higher order modes may be excited at the polarization
converters when the waveguide width and/or height are large. The boundaries of a
single-mode operation for the TE and TM modes are drawn by solid lines in the figures.

In actual fabrication, thickness can be controlled more precisely than width. The
performance is less sensitive to width error for a wider waveguide, as shown in Figs. 5.5 (¢)
and 5.6 (c). Consequently, the thicknesses and widths of the preferred design that provides
wide bandwidth and single-mode operation are 0.66 and 1.8 um for a type-1 isolator and 0.26
and 0.72 pum for a type-2 isolator, respectively. The required propagation lengths are 2448.2
and 600.9 um for type-1 and -2, respectively. Figures 5.11 and 5.12 show the calculated
spectral response of these designs, where any propagation and coupling losses at 3 dB
couplers are ignored. In addition, the wavelength dependences of the 3 dB couplers and the
polarization converters are ignored because they are much less wavelength-sensitive than the
phase shifters [15]. The isolation ratios and the insertion losses in the C-band wavelength
range are >32 dB and <0.006 dB for the type-1 isolator and >21 dB and <0.034 dB for the

type-2 isolator, respectively.
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Fig. 5.9 Designed waveguide thicknesses and widths to obtain wide operation bandwidth in

type-1 isolator.
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5.5 Design of polarization converter

5.5.1 Principle of waveguide polarization converter

A polarization rotation in a planar waveguide is achieved by perturbing the asymmetry of
waveguide structure so as to rotate the optical axis from the original position. The behavior is
very similar to a light propagation in a birefringent material.

Generally, a lightwave propagating in a planar waveguide has two orthogonal eigenmodes,
so-called slow and fast modes with specific longitudinal propagation constants /% and f;. We
assume the X- and y-directions are the horizontal and vertical to the waveguide plane,
respectively, and the light propagates along the z-direction. In full-vectorial consideration, the
electromagnetic fields are expressed in terms of a superposition of two components as [9]

E, = A(Xcos ¢ — §sing)exp(- jB,2), (5.3)

E =A ()2 sin ¢ + Y cos ¢)exp(— j,Blz) (5.4)
where A¢ and A, are the normalized amplitudes of the field and ¢ is the angle of optical axis.
The polarization rotation can be explained in terms of the eigenmodes. We suppose that X-
polarized wave is launched at the input z = 0 of a waveguide with the optical axis rotated —¢.
The wave is represented by a mixture of the two modes as shown in Fig. 5.13 (a). As they
propagate independently with their respective propagation constants, interference occurs in

each field component with respect to a half-beat length given by

T

L, = .
ﬂo _ﬂl

(5.5)

Fig. 5.13 (b) shows the field states at z = L, where the phase difference between E, and E; is .

The total field is rotated by —2¢ from the excited direction.

(L)

(b)

Fig. 5.13 Electric fields E(z) as a superposition of two eigenmodes at (a) z= 0 and (b) z = L.



Chapter 5: Polarization-independent magneto-optical isolator using 127
TM-mode nonreciprocal phase shift

The angle of optical axis ¢ is estimated from the X- and y-amplitudes of the eigenmodes.
However, the eigenmodes are calculated in 2-D field distributions for x- and y-components
using a full-vectorial simulation. The optical axis cannot be solved directly. Here, a rotation
parameter R is introduced [10]

o [[n* 06 DIE, (%, )| dxdy
[[n 0 y)[E, (x y)|dxcly

where n(x,y) is the refractive index distribution and |Ex(x,y)[, |Ey(x,y)|2 are the electric field

(5.6)

components of each eigenmode. The integrals are taken over the area of the computational
window. When R >> 1, the corresponding eigenstate is principally X-polarized; when R=1,
the optical axis is rotated by 45° with respect to X or y; and when R << 1, the corresponding
eigenstate is principally y-polarized. The rotation parameters for the two eigenmodes are
denoted as Ry and R, respectively. Since the modes are orthogonal to each other, the angle of
optical axis with respect to the X-axis is estimated by [15]
g=cot”"' R,=tan"'R,. (5.7

In symmetric planar waveguide systems extending primarily in the X-direction, the slow mode
(Eo) has primarily X-component with a small y-component and the fast mode (E;) has
primarily y-component with a small X-component. Therefore, the angle of optical axis is ~0°
and there is no polarization rotation for X- or y-polarized wave. On the other hand, in
asymmetric waveguide systems, the optical axis is rotated from the X- or y-axis so that X- or y-
polarized incident wave exhibits polarization rotation with respect to the half-beat length. In
addition, if another asymmetric waveguide that has reversed optical axis are cascaded
periodically with the half-beat length, the polarization rotation is accumulated as shown in Fig.
5.14. The polarization rotation is linearly accumulated by 2¢ as each propagation length of L.

In this study, the proposed polarization-independent isolator requires 100% conversion
between TE and TM modes, i.e., 90° polarization rotation. The cross-sectional images of the
polarization converters are shown in Fig. 5.2 (¢) and Fig. 5.3 (c). For type-1 isolator,
asymmetric loaded waveguide is assumed. Since the rotation of optical axis is small in one
section of mode converter, the reversed asymmetric structure is periodically cascaded to

achieve the complete polarization conversion. For type-2 isolator, an angled-facet waveguide
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structure is assumed. The optical axis can be designed to be rotated at 45° so that complete
polarization conversion is achieved in one perturbed section which results in reduction of the

insertion loss due to scattering at the junction of the reversed waveguides.

@

Fig. 5.14 Electric fields E(z) as a superposition of two eigenmodes in cascaded asymmetric
waveguides with reversed optical axes; at (a) z= 0 and (b) z= L, in a waveguide with the

optical axis —¢ ; at (¢) z= L, and (d) z= 2L in a waveguide with the optical axis ¢.

5.5.2 Calculation results

First, polarization converters composed of the type-1 and type-2 structures are designed at a
wavelength of 1.55 um by using a full-vector FEM analysis [17]. It calculates the propagation
constants of two eigenmodes as well as the electromagnetic fields in X- and y-components. In
this section, the refractive indices of composed materials are set at the same as Section 5.4
and that of HfO, is set at 1.98 at a wavelength of 1.55 um.

For the type-1 isolator, the width and height of Ce:YIG channel waveguide are set at 3.0
and 0.6 um, respectively, which is compatible to the design of nonreciprocal phase shifter
investigated in Section 5.4. The width of the loaded layer of HfO, is set at the half of the
waveguide, i.e., 1.5 um. Fig. 5.15 shows the calculated half-beat length with a parameter of
thickness of the loaded layer as a function of computational grid sizes of X and y. The
accuracy of calculation increases at small grid sizes because the simulation results depend on
the relative positions of the interface boundary with respect to the grid points near the
interface, i.e., the simulation results in large grid sizes are not consistent. Ideally, an infinite
small grid size as close to zero as possible should be used so that the simulated profile will be

converged to the real profile. However, considering the limit of memory usage and the
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computation time, only finite grid size can be used. One can estimate an ideal result by
extrapolating the grid size to zero in Fig. 5.15. Also, a nonuniform grid which defines
elaborate index profiles near the interface increases the accuracy of simulation result. Figure
5.16 shows the calculated half-beat length as a function of thickness of the loaded layer with a
nonuniform computation grid. The calculated half-beat lengths are 27.2 um, 32.1 um, and
36.5 um, and the calculated angles of optical axis are 0.127°, 0.150°, and 0.170°, for the
thickness of loaded layer of 0.1 um, 0.2 um, and 0.3 pm, respectively. The angles of optical
axis seem to be too small for the asymmetries of assumed structure. We find that the
estimation of the angle of optical axis using (5.7) from (5.6) is invalid for an asymmetric
structure with weak perturbation because the angles obtained from each rotation parameter is
not coincident each other, i.e., cot'(Ry) # tan '(R;). A complete polarization conversion is
theoretically achieved by cascading a number of the reversed asymmetric structures so that
the total polarization rotation becomes 90°. In this case, the propagation length required for
the complete conversion is estimated to be about 9.5 mm which is too long compared with the

calculation result by using a full-vector BPM investigated later.
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Fig. 5.15 Half-beat length as a function of computational grid sizes in type-1 structure of w=

3.0 yum and h= 0.6 pm.
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Fig. 5.16 Half-beat length as a function of thickness of the loaded layer calculated with a
nonuniform grid. The grid sizes of Ax= 0.1 pum, Ay= 0.05 pum in bulk region and Ax= 0.01 um,

Ay= 0.005 pm near the boundary are connected with moderately varied grids.

For type-2 isolator, the waveguide has an angled facet in one sidewall. The angle is simply
set at the 54.736° coincided with a (111) plane of Si crystal in a (100)-oriented SOI wafer. The
sidewall is completely etched to SiO, under-cladding layer. Width at the bottom of angled
facet is defined as the section width of the polarization converter. The height of Si waveguide
is set at 0.30 or 0.40 um. The rotation parameter is then designed to be R = 1 by varying the
section width. Figures 5.17 and 5.18 show the calculated propagation constants normalized by
the wavenumber K, i.e., the effective refractive indices of two eigenmodes, and the rotation
parameters. The calculation accuracy increase for small gird sizes. Since a nonuniform grid is
not useful for the angled facet waveguide, uniform gird of Ax = Ay = 0.01 pm is used in this
case. The designed section widths are 0.38 and 0.51 um, and the half-beat lengths are 1.87
and 3.35 um, for the waveguide height of 0.30 and 0.40 um, respectively. Figure 5.19 shows
the calculated x- and y-components of electric field distribution in two eigenmodes for the
case that the section width and height are 0.51 and 0.40 pm, respectively. Ex and Ey
correspond to the first and second terms in (5.3) and (5.4). The field distributions have

different discontinuities at the interface that means the orthogonality of two modes.
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Fig. 5.19 x- and y-components of electric field distribution in two eigenmodes for type-2

structure at W= 0.51 um and h= 0.40 pm.

Next, the polarization rotation is analyzed by using a full-vector 3-D finite difference (FD)
BPM [17,18]. For type-1 structure, the scattering loss at the junction of reversed waveguide
sections is inevitable. A light propagation in periodically loaded asymmetric waveguides is
calculated as shown in Fig. 5.20. The dimension of waveguide structure is the same as
investigated above. The monitored power of excited and converted lights is associated with
the x- and y-components of electric field. Therefore, the results can be considered as the
polarization conversions from TE (-like) to TM (-like) modes as long as the fields distribute
like fundamental modes. The converted power is maximized when the section lengths are set
at 27.2, 31.7, and 35.0 um for 0.1-, 0.2-, and 0.3-um-thick loaded layers, respectively. The
results are similar to the half-beat lengths designed by FEM. However, the power is not fully
converted to the other mode while that of excited mode almost disappears at some
propagation length. This is due to the scattering loss at the junction of reversed asymmetric
waveguide sections. Although a large perturbation by a thick loaded layer enables the

polarization conversion in shorter propagation length and less number of section, the
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converted power decreases due to the large scattering loss at each junction. In addition, for a

thick loaded layer, there is large difference in the propagation length between minimizing the

excited power and maximizing the converted power. Consequently, a preferable design of the

polarization converter of type-1 structure is 39 number of periodically asymmetric waveguide

composed of a 0.1-um-thick loaded layer and a 27.2-um-long half-beat length, where the

polarization conversion of ~70% is obtained at the propagation length of 1060.8 pum.

Normalized power

Normalized power

Normalized power

0 500 1000 1500
Propagation length (um)

Fig. 5.20 A light propagation in periodically loaded asymmetric waveguides calculated by 3-D
full-vector BPM with the grid sizes of Ax = 0.1 and Ay = 0.03 um. The converted powers (red
lines) are maximized at the half-beat lengths of (2)27.2 um for 0.1-pum-thick loaded layer,
(b)31.7 um, for 0.2-um-thick loaded layer and (c¢)35.0 um for 0.3-um-thick loaded layer,

respectively. N denotes the number of cascaded asymmetric waveguide sections.
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For type-2 structure, our full-vector 3-D BPM tends to be unstable due to the highly
hybrid nature of the vectorial modes given by high-index contrast interface and the angled
facets. At the interface between Si and air, the abrupt index change may cause the FD BPM to
be unstable in some cases. This instability is associated with an algorithm called the
alternating direction implicit (ADI) method used for solving 3-D systems. To improve the
stability, a procedure described in Ref. [11] is adopted that the grid points near the interface
are artificially averaged by the indices of the nearby surrounding grid points such that a
smoothly changed, linearly averaged, index profile at the interface replaces the real step-index
boundary with a large index contrast. Fig. 5.21 shows the refractive index profile represented
by step-index boundary with the grid size of 0.002 pum, and the modified index profile
represented by the smoothed boundary averaged by those of the surrounding grids within 20
points along X and Y directions including itself, (i.e., 41x41 points) and converted to the grid
size 0of 0.01 pum.

Even though the smoothing procedure makes the simulation stable, the simulated index
profile deviates from the original physical structure. Fig. 5.22 shows the calculated half-beat
length as a function of number of surrounding points N, where (2N+1)x(2N+1) points are
used for smoothing procedure. Here, the scheme parameter [18] is set at 0.55 to make the
simulation stable while it slightly attenuates the power along the propagation length. The
result shows different tendencies for the number of smoothing between N < 10 and N > 10.
Since no simulation result is obtained at N < 5 due to the instability, the results of N > 10 are
more reliable than those of N < 10. Therefore the ideal half-beat length can be estimated to be
L, = 2.2 um by extending the asymptotic curve to N = 0 and ignoring the results of N < 10 in
Fig. 5.22. This is different from the result L, = 1.87 um calculated by full-vector FEM. In this
BPM simulation, the X-component of one eigenmode is excited at the asymmetric waveguide.
However, the X-component of the other eigenmode should be excited at the same time to
assume the X-polarized launched light. Actually, it takes a propagation length of several
microns to obtain stable propagation in the simulation. Even when the smoothing procedure is
adopted, the 3-D BPM may not be suitable for such a problem with abrupt change in

polarization state along the propagation direction, while it can solve a problem of weak
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perturbation such as type-1 structure.

Y (pm)
(=}

X (pm)

Fig. 5.21 Color scales of (a) refractive index profile represented by step-index boundary with
the grid size of 0.002 um, and (b) the modified index profile represented by smoothed

boundary averaged by those of the surrounding grids within 20 points.
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5.6 Discussion

In order to realize the polarization-independent isolator, one has to demonstrate and confirm
the operation of each component; nonreciprocal phase shifter, polarization converter, and
3-dB coupler.

In our design, the dimension of the waveguide in the nonreciprocal phase shifter must be
strictly controlled to satisfy the condition. The different operation between TE and TM modes
can be confirmed by using a measurement setup as shown in Fig. 5.23 [19]. TE and TM
modes are simultaneously and equally excited from a ~45°rotated fiber to a magneto-optic
waveguide. An external magnetic field is transversely applied to the propagation direction and
is parallel to the film plane to obtain a nonreciprocal phase shift only for the TM mode. Both
modes propagate in the magneto-optic waveguide and have a different phase at the end of the
waveguide due to the different propagation constants. After launched to the free space, the
modes have an identical propagation constant in air and construct a circularly, ellipsoidally, or
lineally polarized state depending on the phase difference between TE and TM modes in the
waveguide. Using a free-space polarizer, the polarization state is analyzed by the power
intensity at the photo detector. Then the direction of external magnetic field is reversed, the
polarization state changes due to the nonreciprocal phase shift only for the TM mode. By
measuring the magnet-optic waveguides formed with different width or propagation length,
the difference in phase shift between TE and TM modes, including the nonreciprocal phase

shift for TM mode, can be analyzed as a function of the waveguide parameter.
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45 f Monitor
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Fig. 5.23 Setup for a measurement in nonreciprocal operation between TE and TM modes.
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The polarization converter for type-1 structure is realized by depositing and selectively
etching a loaded layer on the waveguide. The angled facet asymmetric waveguide for type-2
structure is fabricated by a combination of dry and wet etching processes. An asymmetric
waveguide with very narrow slot can be formed in one dry etching process utilizing a
phenomenon called “RIE lag” where the etching depth is controlled by the slot width [12].
Also, several deep slots etched at 45° into a waveguide structure largely rotate the optical axis
and provide high birefringence that enables complete polarization conversion with the
propagation length of several microns [13].

The 3-dB coupler must operate for both TE and TM modes as well. A Y-branch coupler is
less sensitive to the polarization but it needs longer propagation length for low-loss coupling.
A directional coupler becomes sensitive if there is a large difference in the field distribution
between the two modes. A multi-mode interference (MMI) coupler becomes sensitive to the

polarization if there is a large birefringence in the multimode section.

5.7 Summary

A polarization-independent magneto-optical waveguide isolator using TM mode
nonreciprocal phase shift is proposed. The operation is not realized by a polarization diversity
scheme, but rather by the phase difference between the reciprocal TE mode and nonreciprocal
TM mode. Since the nonreciprocal phase shift is used only for the TM mode, it can be easily
realized with integrated structures. The author shows the proposed principle of operation and
the design rules that are needed for wide operational bandwidth and single-mode operation.
Two different isolator designs that assume two specific material systems are demonstrated.
Polarization converters for the use of the isolator are investigated. Some asymmetric
waveguide systems are compatible to the isolator configuration and they realize a passive and
reciprocal polarization conversion. Two polarization converters with specific structures are

designed by full-vectorial simulations of FEM and 3-D BPM.
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Chapter 6:

Conclusions

Magneto-optical isolators are indispensable in high-speed optical fiber communication
systems and are used to protect optical active devices from unwanted reflected lights.
However, the absence of practical waveguide isolator is a bottleneck for reducing the cost of
light source modules and realizing integrated optical circuits. Several types of waveguide
isolator are investigated and developed by some researchers. The author studies the
waveguide magneto-optical isolator employing nonreciprocal phase shift. Integration,
miniaturization, wideband operation, and polarization-independent operation must be
accomplished for waveguide isolators to become a reality and replace bulk isolators. The
results obtained throughout this study are summarized as follows:

In Chapter 2, the nonreciprocal phase shift is theoretically and numerically analyzed.
Using 1-D and 2-D waveguide models, the nonreciprocal phase shift is calculated by directly
solving the eigenvalue equation and by perturbation theory using beam propagation method
(BPM) as well as finite element method (FEM). For narrower waveguide, 2-D model should
be used for taking the effect of the lateral optical confinement into account. In the comparison
among the several mode solving methods, reliable calculation results are obtained by using
full-vector simulations than semi-vector ones. Then magneto-optical isolators based on a
Mach-Zehnder interferometer (MZI) employing nonreciprocal phase shift are designed for
specific material systems.

In Chapter 3, a magneto-optical isolator with Si waveguide is demonstrated. First, Si
waveguide is fabricated on a silicon-on-insulator (SOI) wafer and characterized. Second, a
surface activated direct bonding with oxygen plasma treatment is investigated. A direct
bonding between Si and CeY,Fes01, (Ce:YIG) is successfully achieved with oxygen plasma

of 100-W radio frequency power for 30-s followed by annealing at 200 — 250 °C with a
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pressure of ~5 MPa. Then, a magneto-optical isolator composed of a 0.3-um-thick Si rib
waveguide with low-loss propagation characteristics is characterized in terms of the
nonreciprocal operation by reversing the propagation direction. The maximum isolation of 21
dB is obtained at a wavelength of 1559 nm. The insertion loss of 8 dB and the temperature
dependence of the isolator are also examined.

In Chapter 4, a wideband design of a magneto-optical isolator employing nonreciprocal
phase shift is proposed and its performance is demonstrated. The wideband operation is
realized by phase adjustment in the MZI to compensate the wavelength dependence of
nonreciprocal phase shift for that of reciprocal one. First, the author demonstrated a dramatic
improvement of the backward loss with acceptably little deterioration of the forward loss by
numerical calculations. This design concept is applicable to the isolator with any other
material, structure, and dimension. Next, the author fabricated a wideband isolator with
Ce:YIG waveguide to demonstrate the wideband operation experimentally. Compared with
the conventional design, higher isolation ratio up to 25 dB is successfully obtained at around
A= 1.60 pum.

In Chapter 5, a polarization-independent magneto-optical waveguide isolator using TM
mode nonreciprocal phase shift is proposed. The operation is not realized by polarization
diversity, but rather by the phase difference between the reciprocal TE mode and
nonreciprocal TM mode. Since the nonreciprocal phase shift is used only for the TM mode, it
can be easily realized with integrated device structures. The author shows the proposed
principle of operation and the design rules that are needed for wide operational bandwidth and
single-mode operation. Two isolator designs that assume different material systems are
demonstrated. In addition, polarization converters for the use of the isolator are investigated.
Some asymmetric waveguide structures compatible to the isolator configuration are
investigated to realize a passive and reciprocal polarization conversion. Two polarization
converters with different structures are designed by full-vectorial simulations of FEM and 3-D
BPM.

The author believes that the achievement shown in this thesis contributes largely to push

the waveguide isolator into a reality. Further studies to be done are as follows:
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1) Magneto-optical isolator with Si waveguide
In order to integrate the magneto-optical isolator with Si photonic circuit, it is important to
miniaturize the isolator with low-loss Si-wire waveguides. Next, the condition of direct
bonding should be optimized with respect to a thermal durability testing in the temperature
range of practical applications. Also, the bonding interface must be investigated about the
interlayer and the influence on the nonreciprocal phase shift.
2) Wideband operation of a magneto-optical isolator
The principle of the wideband operation is applicable to the magneto-optical isolator
based on Mach-Zehnder interferometer with any structures such as GalnAsP/InP and Si/SiO,
based waveguides. Even though an ultra-wideband operation is not achieved in a fabricated
isolator with Ce:Y1G waveguide due to a large absorption at shorter wavelength region, it is
to be demonstrated by using semiconductor waveguides.
3) Polarization-independent magneto-optical isolator
In order to realize the polarization-independent isolator, one has to demonstrate and
confirm the operation of each component; nonreciprocal phase shifter, polarization converter,
and 3-dB coupler. After that, a polarization-independent isolator compatibly designed with

these components will be demonstrated.
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