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Abstract: Optical isolators and circulators are extremely valuable components to have in 
photonic integrated circuits, but their integration with lasers poses significant design and 
fabrication challenges. These challenges largely stem from the incompatibility of magneto-
optic material with the silicon or III-V platforms commonly used today for photonic 
integration. Heterogeneous integration using wafer bonding can overcome many of these 
challenges, and provides a promising path towards integrating isolators with lasers on the 
same silicon chip. An optical isolator operating for TE mode with 25 dB of isolation, 6.5 dB 
of insertion loss, and tunability over 40nm is demonstrated and a path towards integrating this 
isolator with the heterogeneous silicon/III-V laser is described. 
© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction

Rapid development in photonic integrated circuit (PIC) technology using silicon waveguides 
has been made possible by an increasingly advanced library of photonic elements. By 
utilizing high quality silicon on insulator (SOI) wafers and borrowing decades of CMOS 
processing expertise, researchers have demonstrated low-loss waveguides, modulators, and 
photodetectors [1]. These elements serve as building blocks for complex silicon photonic 
systems on chip for applications such as sensing [2,3], interconnects [4,5], and quantum 
optics [6]. In most of these works, an external laser is used with a bulk optical isolator, which 
limits the size, power consumption, and cost of the product. The isolator is needed to block 
reflections from the PIC, such as those caused by the edge or grating coupler, from reaching 
the laser. A fully integrated solution in which the laser and isolator are on the same silicon 
chip has not realized to date. Since silicon does not emit light efficiently due to its indirect 
bandgap, Ge or III-V materials are required for electrically pumped lasers on silicon [7,8]. 
One way to introduce III-V material into silicon photonics is through wafer bonding 
processes [9]. This approach, termed “heterogeneous” integration, can be used to bond III-V 
material directly on top of the silicon chip prior to laser fabrication. This approach has 
tremendous benefit due to precise lithographic alignment between III-V and silicon, as well as 
increased scalability when compared to attaching pre-fabricated III-V chips to silicon dies 
[10]. Since the first heterogeneous silicon laser was reported over a decade ago [11], 
increasingly complex PIC containing hundreds of elements have been demonstrated using 
heterogeneous integration for transceivers, interconnects as well as sensing applications [12–
15]. The technology has recently reached commercialization [16]. 

Despite the increasing maturity and complexity of heterogeneous silicon photonics, the 
lack of a readily available on-chip optical isolator limits the performance of these PICs, 
especially given the often-strict performance requirements for the integrated laser. Ideally, the 
isolator should be placed directly after the laser, to minimize the effect of undesired 
reflections from the rest of the PIC. Integrated circulators can separate counter-propagating 
light waves and can give rise to bidirectional transmission and optical amplification [17]. 
Inclusion of isolators and circulators in the heterogeneous silicon photonic library is highly 
desirable, and crucial for some applications. The same wafer bonding technology used to 
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realize lasers on silicon can be extended to bond magneto-optic materials for optical isolators 
and circulators. This highlights the ability to take the best material for each function, and 
heterogeneously integrate them together using silicon waveguides as a common denominator 
[15]. This flexibility will give rise to multi-functional, high performance PIC, since 
compromises do not need to be made from a material standpoint. This paper addresses the 
challenges and solutions associated with such an approach. 

This paper is organized as follows. First, we provide a brief overview of integrated optical 
isolators and circulators, their operating principles, and notable demonstrations to date. Then, 
we discuss the requirements and challenges associated with integrating such isolators with 
heterogeneous silicon/III-V active devices such as lasers, modulators, and photodiodes. 
Finally, we present our progress in this area, and demonstrate a widely tunable microring 
based optical isolator operating for transverse electric (TE) polarization. 

2. Overview of integrated isolators and circulators

Optical isolators and circulators are nonreciprocal components. They are characterized by 
allowing the propagation of light in one specific direction, such that their scattering matrix is 
non-symmetric [18]. The device symmetry can be effectively broken in three different ways: 
i) by spatiotemporal modulation (STM) of the refractive index; ii) exploiting nonlinear effects
(NLE) and iii) using magneto-optical (MO) materials.

In STM case, the nonreciprocity of the device is induced by modulating the refractive 
index of the waveguide, usually with a microwave [19] or acoustic signal [20]. For a given 
propagation direction, the modulating signal is used to couple the incident light with different 
modes or frequencies that can be filtered or radiated out of the device [21]. This modulating 
signal has no effect on counter-propagating light. Integrated optical isolators have been 
demonstrated exploiting the electro-optic effects in a travelling wave III-V modulator [22] as 
well as a tandem phase modulator [23]. Similar isolators were achieved in silicon [19,24]. No 
additional materials are needed, making STM based isolators very attractive for integration 
with lasers. However, the operation of the isolators often requires complex, high-speed drive 
circuits that can consume large amounts of power. 

In the second approach, a NLE is tailored to achieve nonreciprocal behavior. However, 
not all nonlinear effects can be used for this purpose, as some effects such as Kerr-like 
nonlinearities are subject to dynamic reciprocity [25]. When a forward and backward 
propagating signal are simultaneously propagating through the device, the nonreciprocity of 
the system can break down, and the device cannot be used to perform isolation. Nonlinear 
effects suitable for isolation are Raman amplification [26], stimulated Brillouin scattering 
[27], and parametric amplification [28] among others. Like STM based isolators, the NLE 
isolators do not require materials outside of those commonly found in CMOS or III-V based 
foundries. However, a drawback of using nonlinear effects is the inherent dependence 
between optical isolation of the device and the optical power of the incident light. This is 
undesirable as the feedback to the laser should be minimized regardless of the output power. 
Furthermore, they also suffer from small isolation bandwidths since they generally rely on 
phase matching, meaning isolation is only performed at a specific wavelength. 

The last approach uses MO material to break the reciprocity of the system when immersed 
in a magnetic field. If the light is propagating in the same direction of the external applied 
magnetic field as in Fig. 1(a), the plane of polarization rotates, otherwise known as Faraday 
rotation. This approach is widely used in free-space optical isolators, but challenging to 
implement in waveguides, which are highly birefringent [29,30]. To overcome this, quasi-
phase matched approaches by periodically modulating the Faraday rotation along the length 
of a waveguide have been demonstrated [31,32]. However, a drawback of these devices is the 
need for polarization manipulating components before and after the Faraday rotator, such as a 
45-degree polarization rotator [33]. These components are harder to implement in integrated
optics compared to their bulk counterparts.
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4500 deg/cm [51]. While monolithic garnet approaches continue to develop at a rapid rate, a 
heterogeneous approach in which the Ce:YIG is first grown on native substrate, and then 
bonded onto silicon has shown the best results to date [52]. Furthermore, heterogeneous 
integration of the garnet may be more suitable for laser integration from a design and 
fabrication standpoint, as we will discuss in the following sections. 

3. Laser integration challenges and solutions

This section covers the requirements and challenges associated with integrating an optical 
isolator with a laser source on the same chip. The focus will be on heterogeneous integration 
on silicon, although many of the same arguments carry over to III-V PICs. 

3.1 Integration with a heterogeneous silicon/III-V laser 

The optical isolator should be placed directly after the laser for optimal performance. Thus, 
the process flow for the isolator and laser must be compatible with each other. From a 
fabrication standpoint, the challenges lie in managing the thermal budget of the process, as 
well as the simultaneous processing of vastly dissimilar materials (III-V, silicon, and garnet). 
While the lattice constant mismatch can be somewhat alleviated by wafer bonding, the 
thermal expansion coefficient mismatch between III-V and silicon provides a limited thermal 
budget for the process. Rapid thermal anneal performed at 420C for 2 minutes have degraded 
laser performance [53], and temperatures should be ideally kept below 300C. Monolithic 
approaches for garnet deposition may have a difficult time meeting this thermal budget. 
Studies have shown that 650C is required to crystallize YIG [54], and TIG films are annealed 
even hotter, at 900C [55]. Therefore, if a monolithic approach is pursued, the garnet would 
have to be deposited near the beginning of the process, prior to any III-V bonding to preserve 
the thermal budget for the rest of the process. This could affect subsequent steps and may 
require a complete retooling of the heterogeneous silicon/III-V process. Alternatively, 
bonding of garnet is attractive as it can be added as a back-end process after laser fabrication. 
Since the garnet is already fully crystallized prior to bonding, the thermal anneal is not 
required. In fact, the highest temperature process in isolator fabrication is 200C [40], which 
will not negatively impact the laser performance. The inclusion of the isolator processing at 
the end also reduces the amount of overlap with laser fabrication, which simplifies the 
process greatly. 

From a design standpoint, one of the main challenges is the mismatch of waveguide 
dimensions between the laser and the isolator. The cross-section of the heterogeneous 
silicon/III-V laser is shown in Fig. 2(a). It has a silicon waveguide height of 500nm, which is 
chosen to match the refractive index of the silicon slab with the thick InP gain region. Silicon 
waveguides thinner than 400nm will suffer from low coupling to the InP [56]. However, the 
optimal silicon thickness for isolators is between 200 and 250nm, as seen in Fig. 2(b). It is 
possible to transition between the two silicon waveguides using a partial etch and taper 
structure [57], but this roughens the silicon surface, which complicates the bonding process. 
Furthermore, the taper could serve as a source of reflections. Since the main purpose of the 
isolator is to block reflections from reaching the laser, the isolator should not introduce 
significant reflection. A potential solution may be the local oxidation of silicon [59], which 
thins down a lithographically defined area of the wafer. Although this would be performed at 
the beginning of the process, prior to waveguide etching, it preserves the smooth surface for 
bonding III-V and MO material. Other design challenges are matching the operating 
polarization of the isolator with the laser, as well as biasing a magnetic field across the device 
in an efficient, compact, and integration friendly manner. These are further explored in the 
following sections. 

                                                                               Vol. 8, No. 9 | 1 Sep 2018 | OPTICAL MATERIALS EXPRESS 2474 



Fig. 2
wafer 
wide w

3.2 Polarizat

Most semicon
operate for T
polarization d
polarization, t
the case of wa
garnet integra
been demonst
challenge for 

It has bee
silicon nitride
NRPS. Howe
of the trench.
[61], while pr
the magnetic 
plane. For Ce
(>2kOe) wou
fields needed 
attractive, the
practicality fo

Alternativ
rotators befor
isolator to TE
isolation. Po
characterized,
should have l
tolerant in fa
requirements 
comprises of 
and TE1 mod
be achieved u
[67], or an ad
linear taper to
the TE1 and 
vertical symm
cladding of th

2. (a) Schematic of
bonding. (b) The 

waveguide [58]. 

tion 

nductor lasers
TE polarization
dependent, as p
the garnet shou
afer bonding. C
ation rather th
trated using am
the more comm
n proposed tha
e waveguide [4
ever, fabricatio
. A better appr
rotecting the o
field direction

:YIG, this is th
uld be required

to magnetize 
e challenges d
or now. 
vely, TM-mod
re the isolator 
E mode, provi
olarization rot
, and a review
low insertion 

abrication vari
and has been 
two compone

des together. Th
using asymmet
diabatically tap
o convert the T
TM0 modes 

metry of the w
he waveguide to

f the typical hetero
optimal Si and Ce

s output in TE
n or be polari
previously disc
uld be placed o
Clearly, this is 
han the heterog
morphous silico
monly used SO
at the garnet c
47], for which
n of these stru
roach may be 

other sidewall 
n needed to m
he hard axis of
d to observe N
the easy axis 

discussed here 

de isolators h
[62,63]. This e
ded the polari
tators for sili

w of such techn
loss, small ba
ation. The po
demonstrated u
nts. The first i
his is a commo
tric directional

pered coupler [
TE1 into the T
at a certain w

waveguide. Her
o realize such 

ogeneous silicon/II
e:YIG thicknesses 

E polarization
zation indepen
cussed. For the

on the side of th
a waveguide g

geneous appro
on waveguide o
OI platform. 
can be deposite
 the dimension

uctures remains
to deposit onl
with silicon di

maximize NRP
f magnetization
NRPS, as oppo

[54]. Overall, 
as well as th

have been inte
effectively cha
ization extincti
icon photonic
nologies is cov
ack-reflection, 
olarization spli
using a variety
is a mode con

on component i
l couplers [66]
[68]. The secon
TM0 mode. M
waveguide wid
re, it is possib
an effect. 

II-V laser structure
to maximize the N

n, so an optica
ndent. Howev
e NRPS to be 
he waveguide, 
geometry more
oach. While N
on garnet subs

ed in a trench 
ns can be opti
s a challenge d
ly on one side
ioxide claddin

PS for TE mod
n, meaning tha
osed to the we

while a mono
he thermal bud

egrated with 
anges to opera
ion ratio (PER
cs have been
vered in [64]. T

broadband op
itter rotator (P
y of designs on
nverter that con
in mode-multip
], multimode i
nd portion of t

Mode hybridizat
dth, provided t
le to utilize th

e formed by direct
NRPS for a 600nm

al isolator sho
er, the NRPS 
 maximized fo
 rather than on

e suitable for m
NRPS for TE m
strates [60], it r

adjacent to a s
imized to maxi
due to high asp
ewall of the w
ng. For either a
dal geometry i
at strong magne
eak (~50 Oe) 
olithic approac
dget concerns

TE→TM po
ating polarizati
R) is comparab
n widely stud
The polarizatio
peration, and id
PSR) satisfies 
n silicon [65]. 
nverts couples
plexed system
interferometers
the rotator con
tion can occur
there is a brea
he bonded garn

t 
m 

ould also 
effect is 

or the TE 
n top as in 
monolithic 
mode has 
remains a 

silicon or 
imize the 
pect ratio 

waveguide 
approach, 
is out-of-
etic fields 
magnetic 

ch is very 
 limit its 

larization 
ion of the 
ble to the 
died and 
on rotator 
deally be 
all these 
The PSR 

s the TE0 
s and can 
s (MMIs) 
nsists of a 
r between 
ak in the 
net upper 

                                                                               Vol. 8, No. 9 | 1 Sep 2018 | OPTICAL MATERIALS EXPRESS 2475 



Fig. 3
and (c
taper 
broad

The detail
coupler (100 
long) to conv
designed, the
polarization r
fabrication to
simplicity [58
or silicon nitr

3.3 Applying

The operation
magnet is pac
an integrated
packaging. It 
europium dur
However, the
to be perpend
the planar nat
placed in groo

One soluti
footprint of t
thermal tunin
account for fa
can be tuned
expected. Fur
radially orient
compromising
resonator [39]

3. (a) Schematic of
c) linear taper und
(e) are chosen ac
band polarization 

ls of the PSR a
μm long) for T
vert from TE

e polarization 
otator over pre

olerance [63] a
8] since it does
ide overlay on 

g a magnetic f

n of a MO ba
ckaged with the
d isolator, as 
has been show

ring growth to
e magnetization
dicular to light 
ture of wavegu
oves that are pr
ion is to fabric
the device, the
ng. This flexib
abrication impe

d to be slightly
rthermore, som
tated magnetic
g the size of t
]. 

f the TE/TM pola
der the Ce:YIG reg
ccording, the tran
rotation. 

are shown in F
TE0 → TE1 m
1 → TM0. If
rotator can b

evious TM mo
as it does not 
s not require an
the waveguide

field 

ased isolator re
e isolator to pr
the magnet a

wn that latching
o lower the sat
n direction is o
propagation [7
uides in PIC, a
re-etched into t
cate an electrom
e electromagne
bility is extrem
erfections or m
y stronger if t
me isolator ge
c field, which i
the ring [38] 

arization rotator co
gion. If the widths
nsition can be ful

igs. 3(a)-3(e). 
mode conversion

f all compone
be broadband. 
de isolator plu
require electro
ny additional p
e. 

equires a magn
ovide a static m
adds significa
g thin-film garn
turation point, 
out-of-plane, an
70]. This appro
as it can only 
the chip. 
magnet directly
et provides a 
mely important
material variab
the Faraday ro
eometries such
is difficult to a
or sacrificing 

onsisting of an (b)
s and lengths of th
lly adiabatic, resu

It consists of a
n, followed by
ents of the ro
Furthermore, 

us TE/TM rotat
on-beam lithog
processing step

netic field. Tra
magnetic field.

ant bulk and 
nets can be ach
offering magn

and therefore th
oach has drawb
be placed on 

y on chip. In a
variable magn
t for an integ
ility. For exam
otation of the 
h as the micro
achieve with ex

overlap betwe

) adiabatic coupler
he coupler (d) and
ulting in efficient

an adiabaticall
y a linear taper
otator are adia

the advantag
tor devices is i
graphy, and fa
ps such as a po

aditionally, an
. This is undes
creates challe
hieved by inco
net-free operat
he film must b
backs when co
the edge of th

addition to red
netic field stre
grated device, 
mple, the magn

garnet is wea
oring isolator 
xternal magnet
een the garnet

r 
d 
, 

ly tapered 
r (150 μm 
abatically 
e of this 
improved 
abrication 
olysilicon 

n external 
sirable for 
enges for 
orporating 
tion [69]. 

be flipped 
onsidering 
he chip or 

ducing the 
ength and 
as it can 

netic field 
aker than 
require a 

ts without 
t and the 

                                                                               Vol. 8, No. 9 | 1 Sep 2018 | OPTICAL MATERIALS EXPRESS 2476 



For an N
waveguide, so
4(a). Since m
electromagnet
electromagnet
process, this w
the bonded g
the electroma
not reduce the
is important 
effects of th
improvement 
cross-section 
of 180 degree
value of Δβ =
For a push-pu
such that only
resistance in t

Fig. 4
integr
magne
Exper
too m
transv
satura

Further im
levelling of t
chemical subs
but may be di
method for su
the garnet us
treatment [29
be transferred
implantation s
so deep as to 
done prior to 
[74]. For mo
fabrication c
electromagnet

The last ap
garnet. While
easy axis is f

NRPS based o
o the electroma
magnetic field
t near the wav
t scales quadra
waveguide to e
arnet, often us

agnet can also 
e power consu
for avoiding e
e multicoil el
in terms of th
shown in Fig. 
es between for

= 270 deg/mm, 
ull configuratio
y 13.5 mA and
the electromagn

4. (a) Cross secti
rated electromagne
etic field strength
rimental data show

many coils provides
verse magnetic fie
ated. 

mprovements 
the wafer, sub
strate removal 
ifficult to imple
ubstrate remov
sing heavy io
]. If this impla

d to silicon fol
should be deep
increase the d
bonding, but 

onolithic proc
could be furth
t can be precis
pproach uses a

e Ce:YIG has p
fairly weak [75

optical isolator
agnet should b
d strength dec
veguide core. 
atically with th
electromagnet 
sing a mechan
be also adopte
mption, it redu
electromigratio
lectromagnet a

he efficiency of
4(b), only 27 

rward and bac
which is in go

on commonly 
d current and 
net. 

ional schematic o
et. Multiple narro
 at the waveguide

wing the increase 
s diminishing retur
eld. NRPS increas

can be made 
bstrate thickne
process is adva
ement for garn

val could be “sm
on implantatio
antation is don
llowing wafer 
p enough to avo
distance to the 
the handling o

cesses where 
her simplified
ely controlled 

a planar thin-fil
possess ferroma
5], and is pron

r, the magnet
be placed on to
cays with dis
This is also cr

he distance to t
distance is min

nical polishing 
ed to reduce th
uces the curren
on based failu
and thinner g
f the magnet. F
mA of current

ckward propag
ood agreement 
used in MZI, 
3.6 mW of po

of the Si wavegu
owly spaced coils
e and results in la
in NRPS for thinn
rns, as the outer co
es linearly until t

in the substr
ess as thin as 
antageous for i

nets without a d
mart cut” [73]

on, and then r
ne prior to bond

bonding and s
oid roughening
waveguide too

of such a thin,
the garnet is

d, as the dist
during claddin
lm permanent 
agnetic propert
ne to being de

tic field must
op of the wave
stance, it is im
rucial since po
the waveguide
nimized by rem
technique. A 

he drive curren
nt density in th
ure mechanism
garnet substrat
For a 1 mm lo
t is needed to 

gating light. Th
t with the predi
Δφ = 90 degr

ower is consum

uide with the bon
s of the electroma
arger NRPS for a 
nner SGGG and m
oils do not contrib
the magnetization 

rate removal p
1 micron sh

increased unifo
dedicated etch 
, in which a de
released using
ding, then a th
subsequent rele
g the surface p
o much. The f
 brittle garnet 

s deposited in
tance between

ng deposition.
magnet that is 
ties, its remnan

emagnetized. In

t be transvers
guide, as show
mportant to p
ower dissipatio
. For the heter
moving the sub
multicoil geom

nt [71]. While 
he electromagn
ms [72]. The c
te result in si
ong waveguide
obtain a phase
he NRPS satur
icted value in F
rees is needed 
med, given the

nded Ce:YIG and
agnet increase the
given current. (b)

multi-coils. Adding
bute as much to the

in the material is

process. With 
hould be achie
ormity and rep
stop layer. An
efect layer is p
g thermal or 
hin film of garn
ease process. T

prior to bonding
film release ca
film poses a c

nstead of bon
n the wavegu

deposited on t
nt magnetizatio
nstead, it is po

se to the 
wn in Fig. 
place the 
on in the 

rogeneous 
bstrate of 
metry for 
this does 

net, which 
combined 
ignificant 
e with the 
e shift Δφ 
rates at a 
Fig. 2(b). 
per arm, 

e 20 Ohm 

d 
e 
) 
g 
e 
s 

dynamic 
evable. A 
peatability 
n alternate 
planted in 
chemical 

rnet could 
Thus, ion 
g, but not 

an also be 
challenge 
nded, the 
uide and 

top of the 
on for the 
ossible to 

                                                                               Vol. 8, No. 9 | 1 Sep 2018 | OPTICAL MATERIALS EXPRESS 2477 



deposit a mat
backside of th
the thin-film 
which allows 
magnetize the
maintains a sm
isolator. Furt
demagnetizati

4. Heteroge

Taking the d
integrated mi
microring bas
image of the 
the electroma
4(a). The TE
before the iso
here in order t

The transm
First, the perf
through the r
Si/Ce:YIG wa
0.8 dB of inse
1520 nm to 1
of the isolator
is 25 dB, and 
characteristics
insertion loss 
nm. The prim
the transition 
length of the S
measured by 
to the electro
propagation d
backward pro
dB optical iso

Fig. 5
The m
and co
nm fo

The isolat
isolation band

terial with hig
he garnet [76].
magnet. This 
for more versa

e thin film, afte
mall form fact
ther studies sh
ion of such an 

neously inte

design conside
icroring optica
sed isolator op
isolator is sho
gnet. The cros
→TM polariza

olator. A TM→
to characterize
mission spectru
formance of th
ring isolator p
aveguide (TM 
ertion loss at 1
580 nm. The P
r and measurin
ranges from 2

s of the polar
of the isolator

mary contributio
into the bonde

Si/Ce:YIG bus
injecting TE p

omagnet. Flipp
direction of li
opagation is ob
olation as show

5. (a) Microscope 
measured transmis
ompared to refere

or 40 mA of applie

tion bandwidt
dwidth is 2.8 

gh magnetizatio
 A spacer laye
film can be m
atile geometrie
er which it reta
tor, while elim
hould be perf
approach. 

egrated optic

erations of the
al isolator oper
erating for TE
wn in Fig. 5(a
s-section of the
ation rotator d

→TE rotator cou
e the insertion l
um is measured
he polarization 
plus rotator (T
input) of the 

1550 nm, and <
PER of the rota
ng the residual 
0 dB to 30 dB 
rization rotato
r is 6.5 dB com
ons to the loss
ed Ce:YIG reg
s waveguide, w
polarized light 
ping the orien
ight. A split i
bserved for 40 

wn in Fig. 5(c).

image of the mic
sion spectra of th
nce waveguides. (

ed current showing

th is shown in
GHz. Cascadin

on and coerciv
er such as silic
magnetized loc
es. Ideally, only
ains the field [7
minating any st
formed to dete

cal isolator fo

e previous sec
rating for TE 

E mode to the b
a), in which a 3
e ring resonato

described in th
uld also be pla
loss and PER o
d with a tunabl
rotator is char

TE input) with
same geometry
<2 dB of loss a
ator is measure
TE light in th
across the wh

or is attributed
mpared to a S
is caused by t

gion. This can 
which is 2 mm l

into the devic
ntation of the 
in the resonan
mA of curren

croring isolator wi
e isolator with no
(c) The transmissi

g 25 dB of optical i

n Fig. 6(a). F
ng two or mo

vity such as s
ca is needed to
cally using an 
y a short pulse

77]. This appro
teady state pow
ermine reliabi

or the TE mo

ction into acco
mode is pres

best of our kno
3-coil Archime
or is identical t
he previous sec
aced after the i
of a single pola
le laser sweep 
racterized by c
h the spectrum
y. The polariz
across the who
ed by adding a

he waveguide. T
hole wavelength
d to the adiab
Si only wavegu
the Ce:YIG up
be further red

long in this cas
ce while sweep

current is ide
nt wavelength 
nt, which resul

ith TE/TM rotator
o applied current i
ion spectra of the 
isolation. 

For a single r
ore ring isolato

samarium coba
o avoid optical 

on-chip electr
e of current is n
oach is attractiv
wer consumpti
ility and sens

ode 

ount, a widely
sented. This is
owledge. A mi
edean spiral is
to the one show
ction is integra
isolator, but is 
arization rotato
and shown in 

comparing the 
m through a 
ation rotator in

ole wavelength
a polarizer at th
The PER near 
h range. The b
batic design. T
uide (TE input
pper cladding a
duced by short
se. The isolatio
ping the curren
entical to chan
h between forw

ts in a maximu

r (not shown). (b)
is shown in black
isolator at 1549.5

ring isolator, t
ors together ca

alt on the 
losses in 

romagnet, 
needed to 
ve since it 
ion in the 
sitivity to 

y tunable 
s the first 
icroscope 
s used for 
wn in Fig. 
ated right 
not done 

or. 
Fig. 5(b). 
spectrum 
reference 
ntroduces 

h range of 
he output 
1550 nm 

broadband 
The total 
t) at 1550
as well as 
tening the 
on ratio is 
nt applied 
nging the 
ward and 
um of 25 

) 
, 

5 

the 20dB 
an further 

                                                                               Vol. 8, No. 9 | 1 Sep 2018 | OPTICAL MATERIALS EXPRESS 2478 



increase this 
bandwidth ca
consumption 
broadband oth
tunable in ord
the electroma
The blue line 
resonance wa
saturated, and
affect the isol
and countercl
full free spect
techniques ca
Over 20 dB o
proper tuning
stem from the
extinction rat
but is not a co

Fig. 6
(recip
applie
maint
anywh

5. Conclusio

In conclusion
lasers on silic
silicon contin
incompatible 
laser is proce

bandwidth [7
n be as large a
[46]. For MZI
herwise the iso
der to match th
agnet can be us

depicts the M
avelength due t
d then slightly
lation wavelen
lockwise inject
tral range (FSR
an be used to 
of optical isola
, as depicted fo
e deviation of t
io. The bandw

oncern for this 

6. (a) Optical ban
rocal) and MO (n

ed current. Both e
aining high isolati
here from 1540 nm

ons 

n, a path towa
con has been pr
nue to develop 

with back-end
ssed provides 

71]. If a MZI 
as 18 nm, at th
I devices opera
olation ratio w
he operating wa
sed here to ali
O nonreciproc
to Joule heatin

y decreases at 
ngth, which is 
tion) in Fig. 6(
R) of the ring, 
lock the isolat
ation can be ac
or few select w
the ring from i

width of the po
device. 

ndwidth of the iso
nonreciprocal) ind
effects can be us
ion ratio. (d) The t
m to 1580 nm. 

ards heterogen
resented. Whil
at a rapid rate

d processing. 
a very promis

structure is u
he cost of large
ating for TE m
ill be limited b
avelength of th
gn the isolatio

cal wavelength 
ng. The MO ef

higher curren
plotted as a fu

(c). The isolati
meaning the is
tor to the laser
chieved anywh

wavelengths in 
its critical coup
olarization rota

olator for differen
uced shifts on res
ed to tune the w

tuning allows for la

neous integrati
le monolithic a
e, they require
Heterogeneou
ing solution, p

used instead o
er footprint, in

mode, the polar
by the PER. A
he laser in a PI
on wavelength,

split, while th
ffect saturates 
nts due to heat
unction of app
ion wavelength
solator is wide
r wavelength o
here from 154
Fig. 6(d). The 
pling state, wh
ator could also 

nt isolation levels
sonance waveleng

wavelength a full 
arger than 20 dB o

ion of isolator
approaches to i
e a high tempe
us integration 
provided the po

of a ring, the 
nsertion loss, an
rization rotator

A ring isolator s
IC. The Joule h
, as shown in F

he red line is th
as the magnet
ting. Both me

plied current (c
h can be tuned

ely tunable. A v
once it is alig

40 nm to 1580 
limitations of 

hich provides th
limit the tunin

. (b) The thermal
gth with respect to
FSR in (c) while
of optical isolation

rs and circula
integrate MO g

erature anneal, 
of the garnet 
olarization mis

isolation 
nd power 
r must be 
should be 
heating in 
Fig. 6(b). 
he shift in 
tization is 
echanisms 
clockwise 
d across a 
variety of 

gned [78]. 
nm with 

the range 
he largest 
ng range, 

l 
o 
e 
n 

ators with 
garnet on 
which is 
after the 

smatch is 

                                                                               Vol. 8, No. 9 | 1 Sep 2018 | OPTICAL MATERIALS EXPRESS 2479 



addressed. A 
fabrication ste
also be integr
greatly neede
design of the 
widely tunabl
larger than 2
device is care
heterogeneou
based PIC. 

Fig. 7
and ci

Funding 

Morton Photo

Acknowledg

The authors 
#FA8650-16-
Ce:YIG mate
Dai, Minh Tra

References 

1. D. Thomson
Virot, J. M. F
Nedeljkovic,

2. J. Sun, E. Tim
Nature 493(7

3. S. Miller, C. 
Lipson, “512
Optics, JTh5

4. C. Sun, M. T
Avizienis, S.
Chen, K. Asa
communicate

5. A. H. Atabak
Kruger, H. M
and R. J. Ram
Nature 556(7

6. J. Wang, S. P
D. Bacco, D
Laing, M. G
integrated op

7. Z. Zhou, B. Y
(2015). 

8. D. Liang and
9. D. Liang, G.

Materials (B

broadband pol
eps. For a full
rated on-chip. 

ed tuning mech
electromagnet

le microring is
0 dB of isolat
efully designed
s silicon/III-V 

7. The library of h
irculators. 

onics; Air Forc

gments 

acknowledge 
C-1758. The a
rial, Jonathan 
an, and Tin Ko

and links 

, A. Zilkie, J. E. B
Fédéli, J. M. Hartm
, “Roadmap on sili
murdogan, A. Yaa
7431), 195–199 (2
Phare, Y. Chang, 

2-Element Actively
5C.2 (2018). 
T. Wade, Y. Lee, J
. Lin, B. R. Moss, 
anović, R. J. Ram,
es directly using li
ki, S. Moazeni, F. 

Meng, K. Al Qubai
m, “Integrating ph
7701), 349–354 (2
Paesani, Y. Ding, R
. Bonneau, J. W. S
. Thompson, and M
ptics,” Science 360
Yin, and J. Michel

d J. E. Bowers, “R
 Roelkens, R. Bae
asel) 3(3), 1782–1

larization rotat
ly integrated la

Here, an inte
hanism for the
t can significa

solator operatin
tion over 40 n
d with laser in
actives shown

heterogeneous sili

e SBIR (#FA8

support of M
authors thank T
Peters for fabr

omljenovic for 

Bowers, T. Komljen
mann, J. H. Schmi
icon photonics,” J
acobi, E. S. Hossei
2013). 

X. Ji, O. J. Gordil
y Steered Silicon P

J. S. Orcutt, L. Allo
R. Kumar, F. Pav
, M. A. Popović, a
ight,” Nature 528(
Pavanello, H. Gev
isi, I. Wang, B. Zh

hotonics with silico
2018). 
R. Santagati, P. Sk

Silverstone, Q. Gon
M. G. Thompson, 
0(6386), 285–291
l, “On-chip light so

Recent progress in l
ets, and J. E. Bowe
1802 (2010). 

tor with low lo
aser with isola
egrated electrom
e isolator whe

antly reduce th
ng for TE mod
nm of tuning 
ntegration in m
n in Fig. 7 to 

con/III-V compon

650-16-C-175

Morton Photon
Tetsuya Mizum
rication assista
helpful discus

novic, G. T. Reed,
d, D. X. Xu, F. Bo
. Opt. 18(7), 1–20
ini, and M. R. Wat

llo, S. R. A. Moha
Phased Array for L

oatti, M. S. Georga
anello, A. H. Atab

and V. M. Stojanov
(7583), 534–538 (2
vorgyan, J. Notaro
hang, A. Khilo, C. 
on nanoelectronics

krzypczyk, A. Sala
ng, A. Acín, K. Ro
“Multidimensiona
(2018). 
ources for silicon p

lasers on silicon,” 
ers, “Hybrid integr

oss is demonstr
ator, the magne
magnet is util

en considering 
he current and 
de with 25 dB 

is fabricated 
mind, and can 
realize the nex

nents, with the ad

8). 

nics and Air 
moto and Yuya 
ance, as well a
sions. 

, L. Vivien, D. Ma
oeuf, P. O’Brien, G
0 (2016). 
tts, “Large-scale n

anty, M. Shin, B. S
Low-Power LIDA

as, A. S. Waterma
baki, H. M. Cook, 
vić, “Single-chip m
2015). 

os, L. Alloatti, M. T
V. Baiocco, M. A

s for the next gene

avrakos, J. Tura, R
ottwitt, L. K. Oxen
al quantum entang

photonics,” Light 

Nat. Photonics 4(
rated platforms for

rated with no a
etic field sourc
lized, which pr

PIC operation
power consum
of optical isol
and characteri
be integrated 

xt generation o

ddition of isolators

Force SBIR 
a Shoji for prov
as Paul Morton

arris-Morini, E. Ca
G. Z. Mashanovich

nanophotonic phas

Stern, M. Zadka, an
AR,” Conf. Lasers E

an, J. M. Shainline
A. J. Ou, J. C. Leu

microprocessor tha

T. Wade, C. Sun, S
A. Popović, V. M. S
eration of systems 

R. Augusiak, L. M
nløwe, J. L. O’Bri
lement with large-

Sci. Appl. 4(11), 

(8), 511–517 (2010
r silicon photonics

additional 
ce should 
rovides a 
n. Proper

mption. A
ation and
ized. The

with the 
of silicon 

s 

contract 
viding the 
n, Daoxin 

assan, L. 
h, and M. 

ed array,” 

nd M. 
Electro-

e, R. R. 
u, Y. H. 
at 

S. A. 
Stojanović, 
on a chip,” 

ančinska, 
ien, A. 
-scale 

1–13 

0). 
s,” 

                                                                               Vol. 8, No. 9 | 1 Sep 2018 | OPTICAL MATERIALS EXPRESS 2480 



10. B. Song, C. Stagarescu, S. Ristic, A. Behfar, and J. Klamkin, “3D integrated hybrid silicon laser,” Opt. Express
24(10), 10435–10444 (2016).

11. A. W. Fang, H. Park, O. Cohen, R. Jones, M. J. Paniccia, and J. E. Bowers, “Electrically pumped hybrid 
AlGaInAs-silicon evanescent laser,” Opt. Express 14(20), 9203–9210 (2006).

12. J. C. Hulme, J. K. Doylend, M. J. R. Heck, J. D. Peters, M. L. Davenport, J. T. Bovington, L. A. Coldren, and J.
E. Bowers, “Fully integrated hybrid silicon two dimensional beam scanner,” Opt. Express 23(5), 5861–5874
(2015).

13. C. Zhang, S. Zhang, J. D. Peters, and J. E. Bowers, “8 × 8 × 40 Gbps fully integrated silicon photonic network on
chip,” Optica 3(7), 785 (2016).

14. M. A. Tran, T. Komljenovic, J. C. Hulme, M. J. Kennedy, D. J. Blumenthal, and J. E. Bowers, “Integrated
optical driver for interferometric optical gyroscopes,” Opt. Express 25(4), 3826–3840 (2017).

15. T. Komljenovic, M. Davenport, J. Hulme, A. Liu, C. Santis, A. Spott, S. Srinivasan, E. Stanton, C. Zhang, and J. 
Bowers, “Heterogeneous Silicon Photonic Integrated Circuits,” J. Lightwave Technol. 34, 1(2015).

16. Intel Corporation, “Intel Silicon Photonics,” https://www.intel.com/content/www/us/en/architecture-and-
technology/silicon-photonics/silicon-photonics-overview.html.

17. P. Pintus, N. Andriolli, F. Di Pasquale, and J. E. Bowers, “Bidirectional crosstalk and back-reflection free WDM 
active optical interconnects,” IEEE Photonics Technol. Lett. 25(20), 1973–1976 (2013).

18. D. Jalas, A. Petrov, M. Eich, W. Freude, S. Fan, Z. Yu, R. Baets, M. Popović, A. Melloni, J. D. Joannopoulos, 
M. Vanwolleghem, C. R. Doerr, and H. Renner, “What is-and what is not-an optical isolator,” Nat. Photonics 
7(8), 579–582 (2013).

19. H. Lira, Z. Yu, S. Fan, and M. Lipson, “Electrically driven nonreciprocity induced by interband photonic 
transition on a silicon chip,” Phys. Rev. Lett. 109(3), 033901 (2012).

20. D. B. Sohn, S. Kim, and G. Bahl, “Time-reversal symmetry breaking with acoustic pumping of nanophotonic
circuits,” Nat. Photonics 12(2), 91–97 (2018).

21. Z. Yu and S. Fan, “Complete optical isolation created by indirect interband photonic transitions,” Nat. Photonics 
3(2), 91–94 (2009).

22. S. Bhandare, S. K. Ibrahim, D. Sandel, H. Zhang, F. Wüst, and R. Noé, “Novel nonmagnetic 30-dB traveling-
wave single-sideband optical isolator integrated in III/V material,” IEEE J. Sel. Top. Quantum Electron. 11(2), 
417–421 (2005). 

23. C. R. Doerr, N. Dupuis, and L. Zhang, “Optical isolator using two tandem phase modulators,” Opt. Lett. 36(21),
4293–4295 (2011). 

24. C. R. Doerr, L. Chen, and D. Vermeulen, “Silicon photonics broadband modulation-based isolator,” Opt. 
Express 22(4), 4493–4498 (2014).

25. Y. Shi, Z. Yu, and S. Fan, “Limitations of nonlinear optical isolators due to dynamic reciprocity,” Nat. Photonics 
9(6), 388–392 (2015).

26. M. Krause, H. Rentier, and E. Brinkmeyer, “Optical isolation in silicon waveguides based on nonreciprocal 
Raman amplification,” Electron. Lett. 44(11), 691 (2008).

27. C. H. Dong, Z. Shen, C. L. Zou, Y. L. Zhang, W. Fu, and G. C. Guo, “Brillouin-scattering-induced transparency 
and non-reciprocal light storage,” Nat. Commun. 6(1), 6193 (2015).

28. S. Hua, J. Wen, X. Jiang, Q. Hua, L. Jiang, and M. Xiao, “Demonstration of a chip-based optical isolator with 
parametric amplification,” Nat. Commun. 7, 13657 (2016).

29. M. Levy, “The on-chip integration of magnetooptic waveguide isolators,” IEEE J. Sel. Top. Quantum Electron. 
8(6), 1300–1306 (2002).

30. T. R. Zaman, X. Guo, and R. J. Ram, “Semiconductor waveguide isolators,” J. Lightwave Technol. 26(2), 291–
301 (2008). 

31. C. Zhang, P. Dulal, B. J. H. Stadler, and D. C. Hutchings, “Monolithically-Integrated TE-mode 1D Silicon-on-
Insulator Isolators using Seedlayer-Free Garnet,” Sci. Rep. 7(1), 5820 (2017).

32. P. K. Tien, R. J. Martin, R. Wolfe, R. C. Le Craw, and S. L. Blank, “Switching and modulation of light in 
magneto-optic waveguides of garnet films,” Appl. Phys. Lett. 21(8), 394–396 (1972).

33. D. C. Hutchings and B. M. Holmes, “A waveguide polarization toolset design based on mode beating,” IEEE 
Photonics J. 3(3), 450–461 (2011).

34. H. Shimizu and Y. Nakano, “Fabrication and Characterization of an InGaAsp / InP Active Waveguide Optical 
Isolator With 14. 7 dB / mm TE Mode Nonreciprocal Attenuation,” J. Lightwave Technol. 24(1), 38–43 (2006). 

35. W. Van Parys, B. Moeyersoon, D. Van Thourhout, R. Baets, M. Vanwolleghem, B. Dagens, J. Decobert, O. Le
Gouezigou, D. Make, R. Vanheertum, and L. Lagae, “Transverse magnetic mode nonreciprocal propagation in 
an amplifying AlGaInAs/InP optical waveguide isolator,” Appl. Phys. Lett. 88(7), 071115 (2006).

36. H. Shimizu and Y. Nakano, “Monolithic integration of a waveguide optical isolator with a distributed feedback 
laser diode in the 1.5-um wavelength range,” Technology 19, 1973–1975 (2007).

37. N. Kono, K. Kakihara, K. Saitoh, and M. Koshiba, “Nonreciprocal microresonators for the miniaturization of
optical waveguide isolators,” Opt. Express 15(12), 7737–7751 (2007).

38. M.-C. Tien, T. Mizumoto, P. Pintus, H. Kromer, and J. E. Bowers, “Silicon ring isolators with bonded 
nonreciprocal magneto-optic garnets,” Opt. Express 19(12), 11740–11745 (2011).

39. L. Bi, J. Hu, P. Jiang, D. H. Kim, G. F. Dionne, L. C. Kimerling, and C. A. Ross, “On-chip optical isolation in 
monolithically integrated non-reciprocal optical resonators,” Nat. Photonics 5(12), 758–762 (2011).

40. D. Huang, P. Pintus, C. Zhang, Y. Shoji, T. Mizumoto, and J. E. Bowers, “Electrically driven and thermally 

                                                                               Vol. 8, No. 9 | 1 Sep 2018 | OPTICAL MATERIALS EXPRESS 2481 



tunable integrated optical isolators for silicon photonics,” IEEE J. Sel. Top. Quantum Electron. 22(6), 271–278 
(2016). 

41. Y. Shoji, T. Mizumoto, H. Yokoi, I. W. Hsieh, and R. M. Osgood, Jr., “Magneto-optical isolator with silicon 
waveguides fabricated by direct bonding,” Appl. Phys. Lett. 92(7), 071117 (2008). 

42. J. Fujita, M. Levy, R. M. Osgood, Jr., L. Wilkens, and H. Dötsch, “Waveguide optical isolator based on Mach-
Zehnder interferometer,” Appl. Phys. Lett. 76(16), 2158–2160 (2000). 

43. J. S. Yang, J. W. Roh, S. H. Ok, D. H. Woo, Y. T. Byun, W. Y. Lee, T. Mizumoto, and S. Lee, “An integrated 
optical waveguide isolator based on multimode interference by wafer direct bonding,” IEEE Trans. Magn. 
41(10), 3520–3522 (2005). 

44. Z. Wang and S. Fan, “Optical circulators in two-dimensional magneto-optical photonic crystals,” Opt. Lett. 
30(15), 1989–1991 (2005). 

45. Y. Shoji, K. Miura, and T. Mizumoto, “Optical nonreciprocal devices based on magneto-optical phase shift in 
silicon photonics,” J. Opt. 18, 1 (2015). 

46. D. Huang, P. Pintus, Y. Shoji, P. Morton, T. Mizumoto, and J. E. Bowers, “Integrated broadband Ce:YIG/Si 
Mach-Zehnder optical isolators with over 100 nm tuning range,” Opt. Lett. 42(23), 4901–4904 (2017). 

47. P. Pintus, F. Di Pasquale, and J. E. Bowers, “Integrated TE and TM optical circulators on ultra-low-loss silicon 
nitride platform,” Opt. Express 21(4), 5041–5052 (2013). 

48. A. D. Block, P. Dulal, B. J. H. Stadler, and N. C. A. Seaton, “Growth parameters of fully crystallized YIG, 
Bi:YIG, and Ce:YIG films with high Faraday rotations,” IEEE Photonics J. 6(1), 1–8 (2014). 

49. M. C. Onbasli, L. Beran, M. Zahradník, M. Kučera, R. Antoš, J. Mistrík, G. F. Dionne, M. Veis, and C. A. Ross, 
“Optical and magneto-optical behavior of cerium yttrium iron garnet thin films at wavelengths of 200-1770 nm,” 
Sci. Rep. 6(1), 23640 (2016). 

50. K. Srinivasan, T. E. Gage, and B. J. H. Stadler, “Seed-layer free cerium-doped terbium iron garnet on non-garnet 
substrates for photonic isolators,” in Conference on Lasers and Electro-Optics, OSA Technical Digest (online) 
(Optical Society of America, 2018), paper SW4I.5 (2018). 

51. T. Shintaku, “Integrated optical isolator based on efficient nonreciprocal radiation mode conversion,” Appl. 
Phys. Lett. 73(14), 1946–1948 (1998). 

52. T. Mizumoto, R. Baets, and J. E. Bowers, “Optical nonreciprocal devices for silicon photonics using wafer-
bonded magneto-optical garnet materials,” MRS Bull. 43(6), 419–424 (2018). 

53. M. Davenport, “Heterogeneous silicon III-V mode-locked lasers,” Photon. Res. 6, 468–478 (2018). 
54. T. Goto, M. C. Onbaşlı, and C. A. Ross, “Magneto-optical properties of cerium substituted yttrium iron garnet 

films with reduced thermal budget for monolithic photonic integrated circuits,” Opt. Express 20(27), 28507–
28517 (2012). 

55. P. Dulal, A. D. Block, T. E. Gage, H. A. Haldren, S. Y. Sung, D. C. Hutchings, and B. J. H. Stadler, “Optimized 
magneto-optical isolator designs inspired by seedlayer-free terbium iron garnets with opposite chirality,” ACS 
Photonics 3(10), 1818–1825 (2016). 

56. P. Dong, T.-C. Hu, T.-Y. Liow, Y.-K. Chen, C. Xie, X. Luo, G.-Q. Lo, R. Kopf, and A. Tate, “Novel integration 
technique for silicon/III-V hybrid laser,” Opt. Express 22(22), 26854–26861 (2014). 

57. S. Keyvaninia, G. Roelkens, D. Van Thourhout, C. Jany, M. Lamponi, A. Le Liepvre, F. Lelarge, D. Make, G.-
H. Duan, D. Bordel, and J.-M. Fedeli, “Demonstration of a heterogeneously integrated III-V/SOI single 
wavelength tunable laser,” Opt. Express 21(3), 3784–3792 (2013). 

58. P. Pintus, “Accurate vectorial finite element mode solver for magneto-optic and anisotropic waveguides,” Opt. 
Express 22(13), 15737–15756 (2014). 

59. G. Beaudin, A. Belarouci, and V. Aimez, “Precise localized thinning and vertical taper fabrication for silicon 
photonics using a modified local oxidation of silicon (LOCOS) fabrication process,” Opt. Express 23(4), 4377–
4384 (2015). 

60. E. Ishida, K. Miura, Y. Shoji, H. Yokoi, T. Mizumoto, N. Nishiyama, and S. Arai, “Amorphous-Si waveguide on 
a garnet magneto-optical isolator with a TE mode nonreciprocal phase shift,” Opt. Express 25(1), 452–462 
(2017). 

61. P. Pintus, F. Di Pasquale, and J. E. Bowers, “Design of transverse electric ring isolators for ultra-low-loss Si3N4 
waveguides based on the finite element method,” Opt. Lett. 36(23), 4599–4601 (2011). 

62. S. Ghosh, S. Keyvaninia, Y. Shirato, T. Mizumoto, G. Roelkens, and R. Baets, “Optical isolator for TE polarized 
light realized by adhesive bonding of Ce:YIG on silicon-on-insulator waveguide circuits,” IEEE Photonics J. 
5(3), 6601108 (2013). 

63. Y. Shoji, A. Fujie, and T. Mizumoto, “Silicon waveguide optical isolator operating for TE mode input light,” 
IEEE J. Sel. Top. Quantum Electron. 22(6), 264–270 (2016). 

64. D. Dai, L. Liu, S. Gao, D.-X. Xu, and S. He, “Polarization management for silicon photonic integrated circuits,” 
Laser Photonics Rev. 7(3), 303–328 (2013). 

65. D. Dai, J. Bauters, and J. E. Bowers, “Passive technologies for future large-scale photonic integrated circuits on 
silicon: Polarization handling, light non-reciprocity and loss reduction,” Light Sci. Appl. 1(3), 1–12 (2012). 

66. D. Dai and J. E. Bowers, “Novel concept for ultracompact polarization splitter-rotator based on silicon 
nanowires,” Opt. Express 19(11), 10940–10949 (2011). 

67. J. Leuthold, J. Eckner, J. Eckner, and E. Gamper, “Multimode interference couplers for the conversion and 
combining of 0th & 1st-order modes,” J. Lightwave Technol. 16, 1228–1239 (1998). 

68. W. D. Sacher, T. Barwicz, B. J. F. Taylor, and J. K. S. Poon, “Polarization rotator-splitters in standard active 

                                                                               Vol. 8, No. 9 | 1 Sep 2018 | OPTICAL MATERIALS EXPRESS 2482 



silicon photonics platforms,” Opt. Express 22(4), 3777–3786 (2014). 
69. R. R. Abbott, V. J. Fratello, S. J. Licht, and I. Mnushkina, “Article comprising a Faraday rotator that does not 

require a bias magnet,” U.S. patent 6770223 B1 (August 3, 2004). 
70. D. Karki, V. Stenger, A. Pollick, and M. Levy, “Thin-film magnetless Faraday rotators for compact 

heterogeneous integrated optical isolators,” J. Appl. Phys. 121(23), 233101 (2017).
71. P. Pintus, D. Huang, C. Zhang, Y. Shoji, T. Mizumoto, and J. E. Bowers, “Microring-based optical isolator and 

circulator with integrated electromagnet for silicon photonics,” J. Lightwave Technol. 35(8), 1429–1437 (2017).
72. J. R. Black, “Electromigration-A brief survey and some recent results,” Electron Devices, IEEE Trans. 16(4), 

338–347 (1969). 
73. M. Bruel, “The history, physics, and applications of the smart-cut process,” MRS Bull. 23(12), 35–39 (1998). 
74. M. Levy, R. M. Osgood, Jr., A. Kumar, and H. Bakhru, “Crystal ion slicing of single-crystal magnetic garnet 

films,” J. Appl. Phys. 83(11), 6759–6761 (1998).
75. S. Ghosh, S. Keyvavinia, W. Van Roy, T. Mizumoto, G. Roelkens, and R. Baets, “Ce:YIG/Silicon-on-Insulator 

waveguide optical isolator realized by adhesive bonding,” Opt. Express 20(2), 1839–1848 (2012).
76. M. Levy, R. M. Osgood, H. Hegde, F. J. Cadieu, R. Wolfe, and V. J. Fratello, “Integrated optical isolators with 

sputter-deposited thin-film magnets,” IEEE Photonics Technol. Lett. 8(7), 903–905 (1996).
77. K. Okazeri, K. Muraoka, Y. Shoji, S. Nakagawa, N. Nishiyama, S. Arai, and T. Mizumoto, “Self-Holding

Magneto-Optical Switch Integrated with Thin-Film Magnet,” IEEE Photonics Technol. Lett. 30(4), 371–374
(2018).

78. P. Dong, A. Melikyan, and K. Kim, “Commercializing Silicon Microring Resonators : Technical Challenges and 
Potential Solutions,” in CLEO (2018), pp. 5–6.

                                                                               Vol. 8, No. 9 | 1 Sep 2018 | OPTICAL MATERIALS EXPRESS 2483 




