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Abstract: Passive optical isolators are needed in silicon photonics but unavailable due to
challenges in rare-earth iron garnet processing and integration. Material challenges include
incompatibility with silicon and high annealing temperatures, and design challenges include a
need for polarization diversity and a preference for no external magnetic bias. These challenges
have restricted optical isolation to discrete modules that require physical pick and place of bulk
garnet pieces. This review presents developments in the processing of magneto-optical garnets
on Si and the enhancement of their Faraday rotation that enables small footprint isolators on
silicon waveguide structures. For example, seedlayers and/or new garnet compositions have
enabled monolithic Si integration, and in some cases, hybrid integration of garnet-on-garnet
or transfer-printed garnet nanosheets enable reduced on-chip thermal processing. Integrated
isolators that utilize non-reciprocal phase shift (NRPS) or non-reciprocal mode conversion
(NRMC) have been demonstrated to have isolation ratios up to 30 dB, insertion loss as low
as 9 dB, polarization diversity and magnet-free operation in the desired telecommunication
wavelengths. The advances in materials, processing techniques, and isolator designs shown here
will pave the way for on-chip isolators and novel multi-lane photonic architectures.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The ability to deliver large volumes of data at high data rates across a network depends on the
capacity of physical data channels. Despite advancements in high-speed low-power optical
fiber technologies and multiplexing schemes, most short distance data exchange still happens
over electrical pathways [1]. Specifically, within a network switching infrastructure, pluggable
transceivers are widespread as the optical-electrical interface and data routing is performed through
a complementary metal-oxide-semiconductor (CMOS) based application specific integrated
circuit (ASIC). The disconnect between the optical input/output and switching circuitry results in
a bottleneck at the low-bandwidth electrical pathways, affecting the network speed and capacity.
While a photonic interconnect holds promise in improving the bandwidth, network hardware
often trades performance for power, and only few chip-scale functions like multiplexing and
modulation happen in the photonic layer [1–3]. An end-to-end optical connectivity is impeded
by the lack of a deployable solution for a chip-scale photonic platform that can exceed the
performance of hybrid opto-electrical infrastructures, while meeting the size, weight, and power
(SWaP) budget of the network.

Alternatively, co-packaged optics (CPO) are a combination of integrated silicon photonics
and CMOS switching circuits manufactured using standard semiconductor foundry processes

#447398 https://doi.org/10.1364/OME.447398
Journal © 2022 Received 1 Nov 2021; revised 11 Jan 2022; accepted 13 Jan 2022; published 25 Jan 2022

https://orcid.org/0000-0002-1656-2169
https://doi.org/10.1364/OA_License_v2#VOR-OA
https://crossmark.crossref.org/dialog/?doi=10.1364/OME.447398&amp;domain=pdf&amp;date_stamp=2022-01-25


Review Vol. 12, No. 2 / 1 Feb 2022 / Optical Materials Express 698

[4,5]. CPO architectures integrate transceivers and switches on single multi-chip modules
(MCM), bringing together optical I/O such as lasers, isolators and photodetectors, electro-optical
modulators, and CMOS logic. This reduces the length of electrical pathways between the
transceiver and the switching ASIC. While transceiver data rates have steadily increased over the
current state-of-the-art (400 Gbps), further improvement is possible only through parallelization
using multi-lane schemes at higher baud rates [6]. Higher data rates with parallel lanes will also
require integration of multiple lasers and optical isolators in a small footprint. This is possible
only when isolators are integrated with silicon waveguide structures and are matched to the
mode and dimensions of integrated lasers. Although, lasers that can withstand reflections in the
absence of an isolator have been demonstrated, an integrated isolator will significantly reduce
the noise floor in any chip and pave the way for highly scalable photonic designs on par with
very large-scale integration (VLSI) circuits. It is evident that an integrated optical isolator is the
‘missing link’, and a multi-faceted approach is required in overcoming the challenges to realizing
a foundry-compatible material process and isolator design.

The organization of this review is as follows. First, we provide an overview of rare-earth
iron garnets with non-reciprocal properties for optical isolation, techniques to improve garnet
Faraday rotation, and challenges in integrating garnet with silicon photonics. This is followed
by our contributions in the development of a foundry-friendly high-gyrotropy garnet. Then,
select examples of monolithically integrated waveguide isolators that use either non-reciprocal
phase shift (NRPS) or non-reciprocal mode conversion (NRMC) is shown. Specifically, the
principle of quasi-phase matching and 1D polarization-diverse magnet-free waveguide isolators
are elucidated. Lastly, we shift the focus to low thermal budget heterogeneous integration using
wafer bonding and conclude with a novel material opportunity for transfer printing exfoliated
garnet nanosheets in silicon photonics. While a variety of techniques have been used to develop
optical isolators, this review will restrict its scope to Si waveguide isolators using magneto-optical
rare-earth iron garnets [7–15].

2. Materials for integrated isolators

2.1. Optical Isolation with rare-earth iron garnets

Optical isolators are non-reciprocal passive devices that are placed in front of a laser to prevent
reflections from coupling back into the laser cavity [16,17]. Non-reciprocity is exhibited in
isolator materials due to a time-reversal asymmetry caused by non-zero off diagonal elements
in their dielectric tensors. As shown in Fig. 1, under a magnetic bias field in the direction of
propagation, Zeeman splitting results in a refractive index difference for right and left circularly
polarized components of linearly polarized light. This produces a difference in the phase velocity
for the two circularly polarized components, which manifests as a rotation of the linear polarization
state [18,19]. The asymmetry in the off-diagonal terms produces the same magnitude of rotation
in both the forward and reverse direction. This is also known as magneto-optical circular
birefringence, or Faraday rotation, or magnetic gyrotropy. The length of the magneto-optical
media is varied such that the Faraday rotated reflections are orthogonal to the input polarization,
and therefore reflections can be blocked using a linear polarizer [20].

Magneto-optical rare-earth iron garnets (REIG) have been the preferred non-reciprocal material
for isolators in the telecom wavelengths (1.33 µm and 1.55µm) since the late 1960s [21–24].
Rare-earth iron garnets are complex oxides with stoichiometries of Re3Fe5O12 in cubic structures,
lattice parameters of 12-13 Å, and three cation sublattices each [25,26]. Different rare-earth
(RE) elements from the Lanthanoid series have been demonstrated to form a stable iron garnet
phase. In a REIG, the rare-earth cation occupies 8 O2−-coordinated dodecahedral site (c), while
the iron occupies both 6 O2−-coordinated octahedral (a) and 4 O2−-coordinated tetrahedral
sites (d). Importantly, in a garnet lattice, there are 3 tetrahedral sites for every 2 octahedral
sites, resulting in an unequal distribution of Fe3+ cations between the two sublattices. The
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Fig. 1. Optical Isolation. (left) Illustration of an optical isolator: The non-reciprocity in
the rotation of linear polarization from the magneto-optical media (rare-earth iron garnets)
results in reflections that are orthogonal to the input polarization state. (right) Dielectric
tensor with non-zero off-diagonal components that are functions of wavelength (λ) and
Faraday rotation (θF).

cation spins in the dodecahedral and octahedral sites are coupled ferromagnetically but coupled
antiferromagnetically to the cation spins in the tetrahedral site. This leads to a ferrimagnetic
structure in REIG [22]. The Faraday rotation in a garnet is a function of wavelength and
temperature, which is expressed as a sum of products of dipole transition coefficients (C(λ), A(λ)
and D(λ)) and magnetizations for each cation sublattice (Mc(T), Ma(T) and Md(T)).

θF(T , λ, H) = ±C(λ)Mc(T) ± A(λ)Ma(T) ∓ D(λ)Md(T) (1)

The upper signs are for T< Tcomp and the lower signs are for T> Tcomp, where Tcomp is the
compensation temperature at which the magnetic sublattices are perfectly antiferromagnetically
balanced for a net zero magnetization. The magnetic dipole transition coefficient for Fe3+ in the
tetrahedral and octahedral sites are largely non-dispersive in the infrared and only depend on
the Landé g-factor. However, parity allowed electric dipole transitions can arise from intraorbit
transitions between 3d orbitals in Fe3+ and interorbit transitions between the 4f and 3d orbitals of
rare-earth dopants (like Ce3+) and Fe3+ [27,28].

Enhancing Faraday rotation in a garnet is critical to obtaining short footprint devices and
to transition from bulk pieces of garnet to integrated waveguide devices for optical isolation.
From Eq. (1), the Faraday rotation can be enhanced by increasing the magnitude of the electric
and magnetic dipole transition coefficients. Yttrium iron garnet (Y3Fe5O12, YIG) benefits
only from the electric and magnetic dipole contributions from Fe3+, resulting in a Faraday
rotation of +200°/cm at 1550 nm [29]. Similarly, for terbium iron garnet (Tb3Fe5O12, TbIG),
the contributions of the electric and magnetic dipole transitions from Fe3+ and Tb3+ results
in a Faraday rotation of +500°/cm [29]. The difference in sign between the electric dipole
contribution from tetrahedral (3) and octahedral (2) sites usually results in a positive Faraday
rotation for unsubstituted REIGs even in the presence of a non-zero contribution from the RE at
the dodecahedral site [30,31]. When REIGs are preferentially substituted with other RE cations
such as Ce3+ or Bi3+ at the dodecahedral sites, an enhancement in Faraday rotation is observed
[32–35]. Here, in addition to the dipole contributions from the host lattice cations, the strong
interorbit electric dipole transitions between the 4f states in Ce3+ and 3d states in octahedral Fe3+

results in a large negative Faraday rotation. In BiYIG, Bi3+ substitution enhances the Faraday
rotation in the near-infrared by an increased spin-orbit splitting of optical transitions at 2.8 eV
and 3.3 eV, attributed to the electron charge transfer transition pairs between the octahedral and
tetrahedral Fe3+ cations [36]. Cations in a garnet lattice have an oxidation state of 3+, and
presence of 2+ and 4+ states must cancel each other or can lead to increased optical absorption
(from charge transfer process between Fe2+ and Fe3+), detrimental to the figure of merit.
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Early isolators were made of a bulk assembly of terbium gallium garnet (TGG) or YIG
between two permanent magnets and polarizing filters that would be placed in the light path using
physical pick and place techniques [37]. While advancements in material growth techniques
have resulted in latched garnets that operate without an external bias magnetic field, garnets are
still only integrated heterogeneously as discrete optics with ball lenses that route the light to an
underlying photonic layer [38–40]. Designing an isolator in the photonic layer would require
garnet integration with semiconductor platforms, which has been historically prevented by a
mismatch in the coefficient of thermal expansion (CTE) between the two material systems.

2.2. Monolithic integration of rare-earth iron garnets

Monolithic integration of garnets on silicon waveguides is achieved using sputter deposition or
pulsed laser deposition (PLD) followed by rapid thermal annealing at 750-950 °C. Sung et al.
demonstrated the first successful growth of YIG in the desired phase of Y3Fe5O12 on non-garnet
substrates (quartz and MgO) using radio-frequency (RF) magnetron sputtering and an annealing
temperature of 700-800 °C [41]. On more commonly used planar Si substrates, the interface area
between YIG and silicon exacerbated the thermal expansion and caused cracking. Patterning
garnets into waveguides reduced the effective area at the interface and resulted in successful
growth of high quality YIG on semiconductor platforms. However, substituted garnets (eg:
BiYIG and CeYIG), which had the potential for large Faraday rotations, produced secondary
phases and had poor crystallinity when grown using a similar process on Si. Bi et al. discovered
that a 20 nm seedlayer of YIG promoted desired phase growth of CeYIG and BiYIG on Si
substrates with a Faraday rotation of -830°/cm using PLD, which was subsequently improved to
-1100°/cm with a 30 nm seedlayer [42,43]. Further, Block et al. showed that a foundry compatible
technique like sputtering (Fig. 2(a)) can also be used to grow doped garnets and found that an
optimal thickness of 45 nm for the seedlayer (Fig. 2(c)) results in 100% crystallization of CeYIG
with a large Faraday rotation of -3700°/cm, Fig. 2(e) [44].

While an undoped YIG seedlayer provides a means to monolithically integrate garnets on
semiconductor substrates, it also requires multiple lithography steps for select area deposition
and consequently multiple high temperature annealing processes. Previous research from Block
et al. and Bi et al. have reported that REIGs require up to 900 °C in an RTA for desired phase
crystallization [44,46]. Sun et al. proposed a single step process where CeYIG is deposited first
on Si followed by a top seedlayer of YIG (20 nm) (Fig. 2(b)) such that nucleation is initiated at
the top layer and acts as a template for the underlying CeYIG as shown in Fig. 2(d) [45]. Here, a
Faraday rotation of -1100°/cm is reported for the single-step Si/CeYIG/YIG bilayer crystallized
in the desired phase (Fig. 2(f)). Top seed layers of undoped YIG have also been used in obtaining
Faraday rotations greater than -2800°/cm in Dy substituted CeYIG (Dy:CeYIG) deposited with a
substrate temperature of 400 °C and a post-deposition ex-situ RTA at 850 °C [47]. While cerium
substitution has improved Faraday rotation, the absorption tail from a Ce transition at 933 nm (or
1.3 eV) can extend into the infrared near the operating wavelength of most telecommunication
isolators at 1330 nm or 1550 nm. Bismuth substituted YIG, which does not have a detrimental
absorption peak near IR, is a favorable alternative and in fact, most garnets in bulk isolators are
BiYIG [32,48]. Successful monolithic integration of BiYIG on Si has been achieved through
sputtering (with bottom YIG seedlayer) and PLD (either top or bottom YIG seedlayer) with
Faraday rotations > -1800 °/cm and ex-situ RTA at 800-850 °C [44,48]. A summary of rare-earth
iron garnets along with the thickness of seedlayers, Faraday rotation, and impact on thermal
budget is given in Table 1.

Although YIG seedlayers are essential in obtaining large Faraday rotations in integrated
isolators, they are optically active with a Faraday rotation contribution > +200 °/cm. The
opposite chirality of the gyrotropy is detrimental for garnet claddings as the effective rotation
experienced by the evanescent tail of the propagating mode decreases. While top seed layers do
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Fig. 2. Physical Vapor Deposition (PVD) of substituted rare-earth iron garnets. (a)
and (b) Illustration of bottom and top seed layers from RF magnetron sputter deposition
and pulsed laser deposition (PLD), respectively. (c) Progression of crystallinity in sputtered
CeYIG with different thickness of seedlayers on silicon substrates from scanning electron
microscope. (d) Bright-field cross-section transmission electron microscope (TEM) image
of PLD YIG/CeYIG/Si and high-resolution TEM image of the interface between CeYIG and
Si (inset). (e) and (f) X-ray diffraction spectra of CeYIG/YIG/Si deposited on seedlayers of
varying thicknesses and PLD CeYIG with top and bottom seedlayers on Si, respectively.
Panels (c) and (d) are reproduced from [44] under the Creative Commons license. Panels
(d) and (f) are reproduced from [45]. Further permissions related to the material excerpted
should be directed to the ACS. https://pubs.acs.org/doi/full/10.1021/acsphotonics.5b00026.

not reduce Faraday rotation, most waveguide isolators in the literature use a bottom seed layer.
This leads to a trilateral problem where waveguide isolators with high-gyrotropy garnets need a
thin seedlayer, seedlayers introduce multiple lithographic/annealing steps, and RTA temperatures
beyond 800 °C further push the limits of available thermal budget in a standard foundry process.
Lastly, most monolithic isolators still require an external magnetic bias provided through an
on-chip electromagnet or bulk permanent magnets, increasing the complexity of integrating
isolators with Si photonics.

2.3. Seedlayer-free rare-earth iron garnets

Uninhibited interaction of a propagating mode in a Si core isolator can be obtained through
a seedlayer-free garnet cladding. Dulal et al. developed the first seedlayer-free terbium iron

https://pubs.acs.org/doi/full/10.1021/acsphotonics.5b00026
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Table 1. Summary of select rare-earth iron garnets for monolithic and
heterogeneous integration with Si photonics.

Garnet/
Substrate

Deposition/
Growth
Process

Seedlayer
(Thickness)

Faraday
Rotation
(◦/cm)

Impact on
Thermal

Budget (◦C)a

Reference

Monolithic Integration

Ce1YIG/Si
PLD 20 nm YIG

-830
850 [43]

Bi1.8YIG/Si -838

Ce1YIG/Si PLD 31 nm YIG -1100 800 [42]

Ce1YIG/Si PLD 30 nm YIG
(top)

-1100 800 [45]

Ce1YIG/Si
Sputtering

45 nm YIG -3700 825
[44]

Bi1YIG/Si 35 nm YIG -1700 825

Bi1.5YIG/Si PLD 50 nm YIG
(top)b

-2000 800 [48]

Ce1Dy2IG/Si PLD 42 nm YIG
(top)

-2840 850 [47]

Bi0.05TbIG/Si Sputtering No seedlayer -500 900 [29]

Ce0.45TbIG/Si
Sputtering

No seedlayer -3200 900
[49]

Ce0.35TbIG/Si No seedlayer -3550 900

Ce0.36TbIG/Si PLD No seedlayer 4500 900 [50]

Bi0.03TbIG/Si PLD No seedlayer 6200 900 [50]

Heterogeneous Integration (wafer bonding/transfer printing)

Ce1YIG/GGG LPE No seedlayer -4500 250 [51,52]

Ce0.25TbIG/Si Exfoliation No seedlayer -2900 None [53]

aImpact on thermal budget is quantified as the maximum temperature the wafer is subjected to in the
garnet deposition process.
bYIG is deposited as a top seedlayer.

garnet (TbIG) by identifying a combination of cations that have ionic radii ratios (with respect
to O2− anion) comparable to the naturally occurring phases of garnet [29]. Here, TbIG was
shown to crystallize in the desired phase on silicon and other non-garnet substrates under optimal
sputter deposition and annealing conditions. However, TbIG had a small Faraday rotation of
+500 °/cm, and with preferential substitution of Ce in the dodecahedral sites, a much larger
gyrotropy was achieved in cerium doped terbium iron garnets (or CeTbIG). CeTbIG was sputter
deposited through reactive co-sputtering of Fe, Tb and Ce in a magnetron RF setup [49]. The
as-deposited amorphous thin films were annealed in an ex-situ RTA at temperatures ranging
between 800-950 °C in an oxygen ambient to achieve the desired polycrystalline garnet phase.
Upon varying the annealing temperature, desired phase crystallinity was obtained starting at
850 °C and for temperatures > 950 °C, the X-ray diffraction pattern showed signs of secondary
non-garnet phases, as seen in Fig. 3(a). Gyrotropy followed the phase purity of the garnet films
with a Faraday rotation of -2700 °/cm at 900 °C, which decreased rapidly at higher annealing
temperatures. Notably, the Faraday rotation of CeTbIG annealed at 900 ◦C was greater than twice
the gyrotropy experienced by the propagating mode in a CeYIG/YIG cladding on Si waveguide
(FR= -1250 °/cm).

As mentioned previously, doping is a standard way to improve the gyrotropic properties of
a garnet. Several researchers have demonstrated that Faraday rotation tends to increase with
the dopant concentration until it reaches an optimal value beyond which the dopant does not
preferentially occupy the dodecahedral sites. In sputtering, the dopant concentration can be
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Fig. 3. Sputter deposition of cerium doped terbium iron garnet (CeTbIG). (a) X-
ray diffractograms of CeTbIG on Si annealed at temperatures from 700°C to 1000 °C
with corresponding Faraday rotations for the crystalline thin films. (b) Change in frac-
tion Ce occupying the Tb3+ lattice sites with increasing forward sputtering power of Ce
target. (c) Faraday rotation at 1550 nm in CeTbIG thin films with varying Ce composi-
tion. (d) Characteristic dependence of bias voltage at Ce target with forward sputtering
power. A low bias voltage resulted in a lower Faraday rotation. Reproduced from [49].
Further permissions related to the material excerpted should be directed to the ACS.
https://pubs.acs.org/doi/full/10.1021/acsphotonics.9b00707

varied by adjusting the forward sputtering power of the dopant target. For example, when the
sputtering power for a Ce target was varied from 20 to 60 W, the desired phase crystallinity
occurred with Ce substituting up to 25% of Tb sites in the lattice, as show in Fig. 3(b) [49].

The ratio of Fe and Ce with respect to the other constituent cations showed that the fraction
composition of Fe did not decrease with an increase in fraction substitution of Ce, indicating
an absence of anti-site defects in CeTbIG. Furthermore, a large Faraday rotation of -3200 ±

200°/cm was obtained at an optimal Ce sputtering power of 40 W, Fig. 3(c). However, it was
observed that the Faraday rotation of the sputtered film also depended on the bias voltage at the
Ce target during sputtering. Bias voltage indicated the surface condition of target (metallic or
oxide) when sputtering in an oxidizing environment, where a decrease in bias voltage indicated
oxidation of the target. It was shown that repeatable high-gyrotropy in garnets can only be
achieved by monitoring the fluctuations in the bias voltage and ensuring the target stayed in the
metallic state (or a corresponding stable high bias voltage) throughout the process, as shown
in Fig. 3(d). The sputtering processes and garnet stoichiometry reported for high-gyrotropy
seedlayer-free CeTbIG have also been successfully adopted for PLD processes to produce large
Faraday rotations in Ce- and Bi-TbIG thin films, as shown in Table 1 [50].

3. Integrated isolators for Si photonics

Development of high-gyrotropy garnets, such as CeYIG/YIG, BiYIG/YIG or seedlayer-free
CeTbIG or BiTbIG, that could be monolithically integrated paved the way for integrated isolators
on semiconductor platforms. Garnet has been incorporated as the cladding or side wall coating
on silicon-on-insulator or silicon-nitride (Si3N4)-on-insulator waveguides through physical vapor
deposition techniques. Optical isolation has been achieved through device designs that utilized

https://pubs.acs.org/doi/full/10.1021/acsphotonics.9b00707
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the non-reciprocal phase shift (NRPS) or non-reciprocal mode conversion (NRMC) depending
on the design and direction of external bias magnetic field with respect to the propagating mode
[54,55].

3.1. Isolation from non-reciprocal phase shift (NRPS) in interferometers and resonators

In design configurations where the magnetic field is transverse to the direction of light propa-
gation, the guided mode experiences a non-reciprocal phase shift, which can be utilized in an
interferometer or ring resonator to achieve unidirectional propagation [43,56,57]. As shown in
Fig. 4(a), in an interferometer, this can be achieved by designing the geometric length difference
between the two branches of a Mach-Zehnder Interferometer (MZI), such that the reciprocal
phase shift is π/2, and the non-reciprocal phase difference is -π/2 (π/2) in the forward (reverse)
directions.

Fig. 4. Optical isolation using non-reciprocal phase shift (NRPS). (a) Illustration of
Mach-Zehnder Interferometer (MZI) with magneto-optical cladding and bidirectional mag-
netic bias. (b) Optical micrograph and SEM image of TM-mode isolator with CeYIG/YIG/Si
cladding. (c) Forward and backward transmission spectra of the TM-mode isolator from (b).
Panels (b) and (c) are reprinted with permission from [58] © The Optical Society.

Some of the early and prominent efforts in monolithic integration of garnets were demonstrated
through pulsed laser deposition on NRPS waveguide isolators. Bi et al. were the first to
demonstrate a monolithically integrated isolator with PLD CeYIG/YIG (seedlayer) on a ring
resonator design. [46] This device had an isolation ratio of 20 dB and an unfavorably high
insertion loss of 19 dB with a small footprint of 290 µm. Further improvements were shown
by Zhang et al. through a push-pull MZI for both TM and TE modes with top cladding and
side wall coating of the garnet, respectively, as shown in Fig. 4(b) [58]. The TM mode isolators
had an isolation ratio of 30 dB over a narrow band and an insertion loss of 5-6 dB (Fig. 4(c)),
while the TE mode isolators had an isolation ratio of 30 dB and an insertion loss of 9 dB. The
footprints of these devices were also under 1 mm2, which are some of the smallest monolithic
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devices shown in the literature. NRPS designs have also been extended to isolators on Si3N4
and chalcogenide glass (ChG) waveguides in both interferometer and ring resonator geometries.
Yan et al. achieved a wideband isolation ratio of 30 dB and an insertion loss of 3 dB over a 16
nm 10 dB bandwidth in an MZI isolator with SiN wavguides and CeYIG/YIG claddings [59].
Narrowband ring resonators with 40 dB isolation were demonstrated with strip-loaded GeSbSe
ChG waveguides fabricated on a CeYIG/YIG underlayer, which also eliminated the detrimental
effect of positive gyrotropy from YIG seedlayer [60]. Table 2 summarizes isolators with Si
waveguide based on the NRPS effect and their performance metrics.

Table 2. Summary of select isolators with Si waveguide and rare-earth iron garnet cladding for
integrated Si photonics.

Isolator
Design

Cladding Mode Isolation
Ratio (dB)

Insertion
Loss (dB)

Footprinta Ref.

N
RP

S
Is

ol
at

or
s

Monolithic Integration - PLD

Ring
Resonator

CeYIG/YIG TM 19.5 18.8 290 µm [46]

MZI CeYIG/YIG
TM 30 5-6 0.94 mm x 0.33 mm

[58]
TE 30 9 0.87 mm x 0.34 mm

Heterogeneous Integration - Direct Bonding

MZI CeYIG TM 21 8 4 mm x 1 mm [51]

MZI CeYIG TM 27 13 1.5 mm x 0.5 mm [70]

Phase
Shifter

CeYIG TM/TE 20 3.2 1.5 mm x 1.5 mm [71]

Ring
Resonator

CeYIG TM 32 10 0.15 mm x 0.07 mm [72]

MZI CeYIG TM 29 9 2 mm x 0.5 mm [73]

MZI with
Mode

Converter

CeYIG TE 30 18 2-3 mm x 0.5 mm [74]

Heterogeneous Integration - Adhesive Bonding

MZI CeYIG TM 25 8.1 4 mm x 4 mm [75]

MZI CeYIG TE 32 22 6 mm x 0.2 mm [63]

Monolithic Integration - Sputtering

N
RM

C
Is

ol
at

or
s QPM

Faraday
Rotatorb

BiTbIG
TE/TM

30 4.6 4.1 mm x 500 nm [76]

CeYIG/YIG 30 6 5.5 mm x 500 nm
[49]

CeTbIG 30 7 7.35 mm x 500 nm

aThe footprint of isolators with heterogeneously integrated garnet are limited by the size of the wafer bonded garnet
die.
bNRMC QPM waveguide isolators can operate without an active external magnetic bias.

TM mode MZI isolators require a top cladding of garnet and magnetization transverse to the
direction of light propagation. Early TM mode designs used a bidirectional magnetic field as
shown in the schematic of Fig. 4(a) [61,62]. Further improvements used serpentine waveguides in
a push-pull configuration (Fig. 4(b)) that allowed the magnetic field to be unidirectional [58,63].
On the other hand, MZI isolators operating in the TE mode required the garnet to be deposited
on one of the side walls of the waveguide and magnetized in the out-of-plane direction. Since
the NRPS effect (measured in rad/cm) is different for TE and TM modes, longer devices were
needed for TE mode isolation compared to TM mode. However, all present lasers for photonic
circuits are TE mode, the shorter (and easier to fabricate) TM-mode isolators present other design
challenges. These are usually overcome by reciprocal polarization converters or RPC (TE to TM



Review Vol. 12, No. 2 / 1 Feb 2022 / Optical Materials Express 706

mode and vice versa), which is equivalent to a bulk birefringent plate with an optic axis at 45° to
the wafer normal. RPCs usually add an additional 100-250 µm to the device footprint and require
fabrication processes with stringent tolerances for the cross-sectional waveguide profile [64–68].

While isolators in the form of an interferometer or ring resonator have demonstrated desirable
isolation characteristics and small footprints, Huang et al. have shown that Si cores with > 500
nm are needed for heterogenous III-V laser integration but NRPS effect is possible only when the
waveguide height is between 200-250 nm [69]. The mismatch in the Si core thickness between
the laser coupler and the isolator will require additional tapers, which are likely to create new
sources of reflections into the laser. This unintended consequence of integrating 220 nm core
isolators, combined with the fabrication and packaging challenges associated with a seedlayer
garnet and incorporation of on-chip electromagnets, has posed severe limitations in the adoption
of integrated optical isolators for Si photonics.

3.2. Dimension and Mode Matching with Magnet-Free Non-Reciprocal Mode Conver-
sion (NRMC) Isolators

Non-reciprocal mode conversion design involves a simpler geometry for integrated isolation, just
an isotropic waveguide and a magneto-optical cladding to achieve monotonic conversion between
the TE and TM modes. NRMC isolators match the dimension and mode of an integrated laser,
eliminating the need for tapers before the isolator to provide isolation at the source, as shown in
Fig. 5. Moreover, thicker core Si waveguides can be used in NRMC to allow these isolators to be
designed on the same photonic layer where the laser is heterogeneously integrated [77]. Mode
conversion in an NRMC device is equivalent to a rotation in the linear polarization state of light
from 0° to 45° in the forward direction and 45° to 90° in the reverse direction. However, due
to inherent birefringence in waveguide geometries, coherent conversion often requires periodic
loading to overcome the difference in the propagation constants (or modal phase velocity) for the
TE/TM modes. See Fig. 6(b) for example of restricted Faraday rotation or mode conversion with
modal phase mismatch. Early efforts in alleviating birefringence effects used a magneto-optical
waveguide core with a serpentine conductor that alternated the magnetization direction of the
garnet to produce a 45° rotation in the forward direction [78]. Wolfe et al. instead alternated
the sublattice magnetization through laser annealing such that Ga3+ changed lattice sites in
BiYIG waveguides [79]. However, these devices mostly used a garnet waveguide core or required
active elements for periodic loading, neither of which are compatible with the passive design
requirements for Si photonics.

3.2.1. Quasi-phase matching

Hutchings et al. proposed a quasi-phase matched cladding consisting of alternate segments
of magneto-optic and non-magneto-optic material on a Si waveguide to mitigate the modal
birefringence (Fig. 6(a)) [64]. The QPM cladding is periodically modulated such that the
positive half of the mode beat cycle coincides with the magneto-optical segment (LG) and the
negative half of the beat cycle coincides with the nonchiral segment (LN) [80]. Figure 6(b)
shows that accumulation of Faraday rotation is restricted to a few degrees without QPM due
to birefringence, but with QPM, the accumulated rotation remains constant during each of the
negative half-cycles. In such a design, the total accumulated Faraday rotation depends on the
number of QPM segments (n) and the gyrotropy of the garnet in each magneto-optic segment.
Device footprint (n ∗ (LG + LN)) can be reduced by using high gyrotropy garnets that reduce the
number of QPM segments needed to achieve the required Faraday rotation [81].

The evolution of the modal polarization state in an NRMC waveguide can be visualized using
a Poincaré sphere to plot the Stokes parameters, as seen in Fig. 6(c). The polarization state is
represented using the Stokes parameters (S0, S1, S2 and S3), where S0 is the total intensity of
the propagating beam, S1 is the preponderance of horizontal over vertical polarization, S2 is
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Fig. 5. Benefits of isolators that match the mode and dimension of integrated lasers.
a) Isolators based on MZI and ring resonators require 220 nm thick Si and must be placed
after tapers with requirements for ancillary polarization converters. b) Isolators based
on NRMC can use 500 nm thick Si, operate in the TE-mode, and can be designed on
the same photonic layer as heterogeneously integrated lasers. Reproduced from [49].
Further permissions related to the material excerpted should be directed to the ACS.
https://pubs.acs.org/doi/full/10.1021/acsphotonics.9b00707

Fig. 6. Non-reciprocal mode conversion (NRMC). (a) Quasi-phase matched (QPM)
cladding on Si waveguide is used to overcome modal birefringence. (b) Comparison of
Faraday rotation or mode conversion (TE to TM) in a rectangular Si waveguide without
QPM cladding and with QPM cladding. The MO and non-MO regions are designed to
overlap the positive and negative half-cycles of mode. (c) Illustration of polarization state
evolution with Stokes parameters on a Poincaré sphere for an NRMC waveguide isolator. (d)
TE to TM mode conversion efficiency in early QPM designs on III-V waveguides. © 2013
IEEE. Reprinted, with permission, from [80]

https://pubs.acs.org/doi/full/10.1021/acsphotonics.9b00707
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the preponderance of +45° over -45° polarization and S3 is the preponderance of right over left
circular polarization states. In the forward direction in an NRMC isolator, half the power from
the TE-mode input (at S= (1, 0, 0)) is converted to the TM-mode, resulting in a TE=TM mode
(at S= (0, 1, 0)), represented by the solid line along the equator in Fig. 6(c). The photonic chip
operates with the TE mode so the TE=TM mode (or 45° linearly polarized light) is rotated
through a half-reciprocal polarization converter (H-RPC) (dashed green line in Fig. 6(c)), which
is easier to realize than a full reciprocal mode converter that other isolators might use [64]. In the
reverse direction, TE-mode reflections go through the H-RPC (dashed yellow line in Fig. 6(c))
where the power is split into TE=-TM (at S= (0, -1, 0)), which is then Faraday rotated to a
TM-mode (at S= (-1, 0, 0)) before reaching the laser. This satisfies the orthogonality requirement
(or π radians of Stokes vector angle) between the forward and reverse propagating modes for
isolation. Although a polarizing filter is used between isolators and lasers in discrete optics, the
polarization selectivity of gain media and Bragg mirrors in integrated lasers themselves prevents
the TM mode reflections from coupling back into the cavity. Hutchings et al. showed that
early designs of a QPM mode converter on III-V waveguides had a TE to TM mode conversion
efficiency of 12% as shown in Fig. 6(d) [80].

3.2.2. One-dimensional ‘magnet-free’ silicon-on-insulator waveguide isolators

The NRMC waveguide isolators have been fabricated using e-beam lithography and garnet
liftoff to form the periodic segments that match positive half cycles, followed by deposition of
non-magneto-optic SixNy that match the negative half cycles required for a QPM cladding, as
shown in Fig. 7(a). Although prototype devices used e-beam lithography, the dimensions of the
waveguide (W x H: 900× 340-500 nm) and cladding (21 µm QPM segments) are within the
fabrication limits of conventional photolithography. Isolation ratios were measured from the
angle between the Stokes vector for the forward and reverse propagating modes. Theoretically,
the isolation ratio should peak every (2n+1)π radians and is given by -10log(cos θ

2 )2, where

θ =
−→
Sf ·

−→
Sb

−−→
|Sf |

−−−→
· |Sb |

and −→Sf ,
−→Sb are the Stokes vectors for the forward/reverse directions. Figure 7(b) shows

the mode conversion peak in terms of the Stokes vector angle and corresponding isolation ratio
for a thinner core (340 nm Si) waveguide isolator with seedlayer-free BiTbIG (80 nm) cladding
(inset Fig. 7(b)) [76]. The maximum Stokes vector angle for a 3.4 mm long device was 0.83π
which corresponded to an isolation ratio of -11 dB, and ideal isolation ratio of > 30 dB (or Stokes
vector angle of π) could be achieved by increasing the waveguide length to 4.1 mm. Here, thinner
core Si waveguides enhanced the modal interaction with the claddings, resulting in shorter device
footprints.

The summary of isolation ratio and optimal length for NRMC isolators on the 500 nm
waveguide core with different garnet claddings in Fig. 7(c) shows that seedlayer-free CeTbIG
with a maximum Stokes vector angle of 0.83π can achieve isolation ratios > 30 dB in a footprint
7.35 mm [49]. Other garnets with lower gyrotropy need a longer or thinner waveguide to
achieve the same isolation ratio. Though devices with CeYIG/YIG had a Stokes vector angle
of 0.74π and required only 5.5 mm to achieve the ideal isolation ratio, the need for multiple
lithography/annealing steps due to the seedlayer complicates its fabrication. Although NRMC
isolators are a few mm long, unlike NRPS devices where isolation ratio (or phase shift) is a
linear function of device length, NRMC isolation ratios have a sinc2 dependence on the Stokes
vector angle as shown in Fig. 7(d). This means devices measured to have less than ideal isolation
ratios require only a marginal increase in waveguide length to achieve a Stokes vector angle of π
and > 30 dB isolation ratios. Therefore, the narrow cross-section widths of 500-900 nm and
waveguide lengths of few mm make NRMC waveguide isolators quasi-1D, which results in a
much higher device density than ring resonators and MZI isolators, as shown in the summary of
NRMC devices in Table 2.
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Fig. 7. Magnet-free NRMC waveguide isolators with rare-earth iron garnet QPM
cladding. (a) SEM image of NRMC waveguide isolators with QPM cladding. The
highlighted regions show the periodicity of the magneto-optical cladding [76]. (b) Stokes
vector angle and isolation ratio of a 3.4 mm NRMC waveguide isolator with 340 nm thick
Si core and BiTbIG cladding (inset). A device length of 4.1 mm would provide > 30 dB
isolation. Reproduced from [76] under the Creative Commons license. (c) Comparison
of measured isolation ratio and optimal waveguide length for > 30 dB isolation in 500 nm
thick Si core devices with BiTbIG, CeYIG and CeTbIG cladding. (d) Illustration of the
sinc2 dependence of isolation on the Stokes vector angle shows that ideal isolation ratio in
NRMC devices requires only a marginal increase in waveguide length. Panels (c) and (d)
are reproduced from [49]. Further permissions related to the material excerpted should be
directed to the ACS. https://pubs.acs.org/doi/full/10.1021/acsphotonics.9b00707

It is worth mentioning that in addition to benefitting from a seedlayer-free garnet, NRMC
isolators also operate in a remnant magnetization state which is why no external magnetic field
was used during the optical measurements of isolators in Ref. [49] and [76]. The quasi-1D
nature of the device geometry produces a strong shape anisotropy (easy axis for magnetization)
along the length of the waveguide, which is also the direction of the magnetic bias required
for isolation. Furthermore, magnetic property investigation into CeTbIG has revealed a large
remnance (Mr/Ms= 0.65), low saturation magnetization (18 emu/cc) and preferential in-plane
magnetic anisotropy originating from the tensile strain at the garnet/silicon interface [82]. The
favorable magnetic properties of CeTbIG in combination with the device geometry allow the
NRMC devices to operate without an external magnetic bias.

https://pubs.acs.org/doi/full/10.1021/acsphotonics.9b00707
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4. Low-thermal budget isolators with heterogeneously integrated garnets

The discussion so far on monolithic integration of garnets has shown that > 30 dB isolation
ratio, < 5 dB insertion loss, polarization diversity and magnet-free operation are possible with
NRPS and NRMC devices. However, the high annealing temperature required to crystallize
garnets exceeds the temperature limits of back-end of the line CMOS process which is around
575 °C [83]. Early efforts from Gage et al. identified a reduced thermal budget process where
two steps (at 400 °C and 800 °C) were used to obtain phase pure YIG on SiO2/Si substrates
[84]. Subsequently, another report demonstrated an annealing temperature of 560 °C for BiYIG
on GGG, but foundry-compatible BiYIG on Si required a seedlayer and an RTA step at 800
°C [48]. Despite the efforts in minimizing the annealing temperature, garnet integration with
silicon still requires > 800 °C, which risks dopant redistribution in CMOS and solder reflow in
integrated circuits. This means that monolithic integration of garnet would need to occur near the
beginning of any photonic/electronic integrated chip. Heterogeneous integration of garnets on
silicon wafers has been proposed as a feasible alternative that avoids subjecting the chip to a high
temperature by growing the garnet on a separate handle wafer and transferring to the photonic
chip.

4.1. Wafer-bonding

Yokoi et al. proposed the first interferometer based isolator with a wafer bonded magneto-optical
garnet cladding to a semiconductor waveguide using surface activated O2 plasma at 220 °C [85,86].
However, it wasn’t until 2008 when Shoji et al. demonstrated a Si waveguide interferometer with
wafer bonded CeYIG annealed at 250 °C that had an isolation ratio of 21 dB at 1559 nm [51].
Low temperature integration was also possible with adhesive bonding as shown by Ghosh et al.
[75]. Here, 120-150 nm thick polymer of benzocyclobutene (BCB) was used as an adhesive
between CeYIG/GGG and the Si interferometer, which resulted in an isolation of 25 dB and
insertion loss of 14 dB. While wafer bonding reduced the thermal budget of the process, garnets
integrated as top cladding on interferometers limited the mode of operation to TM-mode with
a need for bidirectional magnetic fields. Polarization diversity could only be achieved with
serpentine interferometers with in-built polarization converters between TE and TM modes [63].
Pintus et al. designed a small-footprint MZI (Fig. 8(a)) with two on-chip electromagnets for
the bidirectional magnetic field and polarization rotators that resulted in a TE-mode isolation
ratio of 30 dB with a combined loss of 16 dB (Fig. 8(b)) [74]. Here, the insertion loss can be
further optimized to 6 dB if the individual losses from bonded facets, couplers and rotators
are minimized, which is possible by etching the GGG/CeYIG or improving the precision of
bonding alignment. Table 2 provides a summary of interferometers and ring resonators with
heterogeneously integrated garnet cladding whose thermal budget is < 250 °C.

4.2. Mechanical exfoliation of garnet nanosheets

Transfer printing, a low-temperature alternative to monolithic integration, is a type of hybrid
integration that has gained traction in the recent years for its ability to work with inorganic
compounds and alloys [87,88]. Usually, transfer printing is possible if the material is directly
deposited on a carrier platform or transferred to a carrier platform from a handle wafer through
mechanical or chemical exfoliation. Several 2D materials (graphene, MoS2, WSe2 etc.),
semiconductor thin films from III-nitrides (GaN etc.) and electro-optical materials (LiNbO3)
have been successfully exfoliated either through mechanical exfoliation (eg: the Scotch tape
method) or a novel process called remote epitaxy [89–93]. In remote epitaxy, a thin layer of
graphene is introduced to a substrate (itself via transfer printing) before thin film growth, which
allows for sufficient electrostatic interaction for epitaxial film growth yet also allows exfoliation
from the substrate. It was only recently, Kum et al. shown that epitaxial YIG thin films could
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Fig. 8. Optical isolators with wafer bonded garnet and on-chip electromagnets. (a)
Top view illustration of an MZI isolator/circulator with electromagnet microstrips on
the interferometer branches. (b) Transmission spectra of the MZI device in a circulator
configuration with isolation of 30 dB between two adjacent ports. © 2019 IEEE. Reprinted,
with permission, from [74].

also be exfoliated through remote epitaxy from GGG substrates [94]. However, remote epitaxy
of substituted garnets that have high gyrotropy has yet to be demonstrated.

On the other hand, we have shown that large area nanosheets of CeTbIG can be exfoliated
from silicon substrates through a diffusion driven creep process without additional interlayers
[53]. Creep is a diffusion assisted deformation in crystalline and amorphous materials that occurs
at high temperature and low stress [95,96]. Typically, a region under tension (eg: the interface
between a film and substrate) has a lower activation energy for vacancy formation than a region
under compression. The difference in the vacancy leads to a concentration gradient and therefore
to a diffusion of vacancies away from the interface and atoms towards the substrate, as illustrated
in Fig. 9(a). Recently, a two-step rapid annealing process that has a short duration spike at 950
°C and a soak at 900 °C was used to introduce a controlled creep of vacancies in CeTbIG/Si,
which follow the Nabarro-Herring model of lattice diffusion [97,98]. Through this mechanism,
the accumulated vacancies create an exfoliation gap at a distance corresponding to the diffusion
length of the cations in garnet. Figure 9(b) shows the optical microscope images of the exfoliated
nanosheets on an adhesive tape and Fig. 9(c) shows that the annealed garnets were in the desired
polycrystalline phase as indicated by the electron backscattered diffraction (EBSD) image. This
was the first report of a diffusion-driven exfoliation mechanism in nanoscale thin films from
silicon substrate. Optical and magnetic measurements reveal that the exfoliated nanosheets
have a large Faraday rotation of -2900◦/cm and a low saturation magnetization of 18 emu/cc,
comparable to their thin film properties, as shown in Fig. 9(d). The decrease in coercivity in the
exfoliated nanosheets is attributed to a lower magneto-elastic anisotropy compared to the thin
films on Si. The desirable optical and magnetic properties, along with the ability to transfer print
on Si waveguides will provide an alternative to garnet integration on non-reciprocal devices with
minimal impact to the process thermal budget.
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Fig. 9. Mechanical exfoliation of rare-earth iron garnet nanosheets. (a) Illustration
of the formation of an exfoliation gap and mechanical exfoliation of CeTbIG thin films
from diffusion-driven Nabarro-Herring creep mechanism. (b) Optical microscope images
of 140 nm exfoliated CeTbIG nanosheets. (c) Electron backscattered diffraction (EBSD)
image of a polycrystalline CeTbIG thin film on Si prior to exfoliation. (d) Comparison of
magnetic hysteresis between polycrystalline CeTbIG thin films on Si and exfoliated CeTbIG
nanosheets. Reprinted (adapted) with permission from [53]. Copyright 2021 American
Chemical Society.

5. Summary

This review has presented a comprehensive overview of the developments in magneto-optical
rare-earth iron garnets and their integration with a variety of isolator designs for chip-scale
isolation in silicon photonics. Effective integration of optical isolators depends on a variety
of inter-connected factors such as Faraday rotation, optical losses, thermal budget, modal and
dimensional compatibility, footprint, and foundry-compatibility. In the course of developing
a suitable magneto-optical material, much of the attention has been on improving the Faraday
rotation of rare-earth iron garnets. Doping of garnets with specific rare-earth elements such as
Ce and Bi, which enhance the electric and magnetic dipole coefficients at the IR wavelength
range, has been established as a reliable technique in achieving large Faraday rotations. Despite
having Faraday rotations > -3500◦/cm, Ce and Bi substituted yttrium iron garnets have required a
seedlayer to crystallize in a useful phase on silicon, which have introduced multiple lithographic
steps or high annealing temperatures or both. Seedlayer free garnets based on sputtered terbium
iron garnet system have overcome the processing limitations and have shown that consistently
large Faraday rotations > -3200◦/cm are possible in CeTbIG with precise control of stoichiometry,
annealing temperature, and bias voltage at the dopant target. Integrated isolators have been
designed using the non-reciprocal phase shift in interferometers and ring resonators or the non-
reciprocal mode conversion in waveguide Faraday rotators. NRPS isolators with monolithically
integrated garnet have had isolation ratios >30 dB and insertion losses between 6-9 dB, while
achieving polarization diversity and very small footprints. On the other hand, NRMC isolators
have used quasi-phase matched cladding to overcome modal birefringence in waveguide structures,
and have demonstrated the ability to achieve >30 dB isolation in magnet-free 1D footprints
of 4-7 mm. However, the annealing temperatures for monolithic integration in the range of
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800-900°C is unsuitable for back-end processing in a photonic foundry line. Heterogeneous
integration of garnets through wafer bonding could be achieved at temperatures < 250°C, and
these isolators have had isolation ratios >30 dB with integrated electromagnets and polarization
diversity through mode converters. The review is concluded with a demonstration of mechanical
exfoliation of garnet nanosheets, which provides a glimpse into an emerging possibility of transfer
printing garnets onto silicon waveguides while retaining the technological advantages of garnets
with no impact to the thermal budget in integrating an optical isolator.
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