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HIGH GYROTROPY PHOTONIC ISOLATORS DIRECTLY ON SUBSTRATE

CROSS-REFERENCE TO RELATED APPLICATION
This application is an international application and claims the benefit of U.S.
Application No. 62/837,461, filed April 23, 2019. The disclosure of the foregoing

application is hereby incorporated by reference in its entirety.

STATEMENT AS TO FEDERALLY SPONSORED RESEARCH
This invention was made with government support under DMR-1210818 and
NNCI 1542202 awarded by National Science Foundation. The Government has

certain rights in the invention.

TECHNICAL FIELD
This disclosure generally relates to optical isolators and methods of

fabricating optical isolators.

BACKGROUND

An optical isolator is the optical analogue of an electronic diode that only
allows light to propagate in a forward direction, and attenuates or blocks back
reflected light that propagates in a backward direction. An optical isolator can be
used to mitigate effects of back reflections such as spurious amplification, intensity
instability and frequency jumps in a laser source.

A linearly polarized light beam is equivalent to the combination of two equal
but opposite circularly polarized beams. When this beam is passed through a
magneto-optic material under application of magnetic field, it experiences a
phenomenon called Zeeman splitting—a splitting of the dispersion curves of the two
polarizations. This leads to a difference in refractive index at all wavelengths to some
degree, which means the two polarizations have different velocities. This difference
is called the magneto-optic circular birefringence, also known as Faraday rotation,
because the birefringence causes an effective rotation of the linearly polarized light.
Materials exhibiting such Faraday rotation are called magneto-optic or gyrotropic
materials.

Faraday rotation (8¢) depends on three different components, the
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magnetization of the material (M), thickness of the material (d), and a material
constant called the Verdet constant (V) according to 6==VdM. For a magnetically
saturated material, Faraday rotation has units of °/cm, signifying the amount of

rotation per unit propagation length in the material.

SUMMARY

The present disclosure relates to devices including optical isolators and
methods for producing the same directly on a substrate. While described in the
context of optical isolators, any gyrotropic device having a material with Faraday
rotation is within the scope of the disclosure. In certain implementations, the
disclosure features a method of fabricating a gyrotropic device or optical isolator.
The method includes providing a substrate and forming an optical isolator active
layer on the substrate. Forming the optical isolator active layer includes, for a
specified composition of the optical isolator active layer, deriving at least one
sputtering process parameter, performing sputtering of at least one target according
to the at least one sputtering process parameter to deposit the optical isolator active
layer on the substrate, measuring an initial value of a bias voltage at a first target of
at least one target, and throughout deposition of the optical isolator active layer,
maintaining the bias voltage at the initial value to within a predetermined percentage
of the initial value.

In some implementations, maintaining the bias voltage at the initial value
includes (a) adjusting a forward power associated with sputtering the first target of at
least one target, (b) closing a shutter to prevent deposition of material from the first
target on the substrate, or (c) adjusting the forward power associated with sputtering
the first target and closing the shutter to prevent deposition of material from the first
target on the substrate. In some implementations, the optical isolator active layer has
a Faraday rotation greater than at least -3000 °/cm for a predetermined wavelength
of light. In some implementations, the substrate comprises a waveguide layer and
the optical isolator active layer is a cladding to the waveguide layer. In some
implementations, the optical isolator active layer comprises doped garnet. In some
implementations, the doped garnet is a waveguide layer. In some implementations,
the optical isolator active layer comprises doped terbium iron garnet. In some
implementations, the terbium iron garnet is doped with cerium. In some

implementations, forming the optical isolator active layer includes annealing the
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optical isolator active layer. In some implementations, annealing the optical isolator
active layer is performed at a temperature between about 800 and about 970
degrees Celsius. In some implementations, forming the optical isolator active layer
includes performing the sputtering in an oxygen environment. In some
implementations, at least one target comprises a cerium target, a terbium target, and
an iron target. In some implementations, at least one of the targets comprises an
alloy of terbium and iron. In some implementations, at least one of the targets
comprises cerium. In some implementations, the method includes forming a silicon
nitride layer on the optical isolator active layer.

Another aspect of the disclosure includes a gyrotropic device or optical
isolator that includes a substrate, wherein the substrate includes a waveguide layer.
The optical isolator includes a doped garnet optical isolator active layer in direct
contact with the waveguide layer. In some implementations, the optical isolator
active layer comprises doped terbium iron garnet. In some implementations, the
terbium iron garnet is doped with cerium. In some implementations, the terbium iron
garnet is doped with bismuth.

Implementations of the subject matter disclosed herein may have various
advantages. For example, in some implementations, the techniques disclosed herein
provide improvements in the quality of material used for optical isolators. In some
implementations, the techniques disclosed herein introduce a reliable, consistent and
repeatable material deposition process. The solutions disclosed herein can be cost
effective and foundry-friendly, and can provide isolation ratios comparable to those
provided by optical isolators generated in alternative methods.

Advantageously, the disclosed device architectures can be achieved using
large-area, planar processing techniques (e.g., sputtering), enabling compact,
integrated form-factors and large-scale manufacturing in an economic manner.
Furthermore, use of silicon substrates can enable back-end-of-line processes to be
utilized in subsequent device manufacturing and packaging. This may significantly
improve manufacturing efficiency over manual pick and place processes involved in
many garnet devices.

A gyrotropic device having a material with a predetermined level of Faraday
rotation is achieved using cerium, however fabricating such gyrotropic devices may
be difficult. During fabrication, a bias voltage is monitored for controlling the cerium.

If the bias voltage decreases while sputtering, the target material can be closed off to
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stop further deposition of the active layer until the bias voltage reaches its former
level. Then the target material can be reopened again to continue making the
gyrotropic film. Alternative iterative trial and error approaches (where gyrotropy is
evaluated after complete deposition) can be long and arduous.

Gyrotropy is evaluated by sensing a decrease in bias voltage. The decrease
in bias voltage is indicative of oxide formation, which is undesirable because it
decreases the phase purity of the garnet film. Phase purity affects the Faraday
rotation. An iterative approach would involve measuring the phase purity (by, for
e.g., X-ray diffraction) and Faraday rotation (by, for e.g., optical measurements) for
each sample. Monitoring the bias voltage allows for an accurate prediction of high
Faraday rotations without the trial and error approach of an iterative process.

In certain implementations, monitoring and maintaining the bias voltage in situ
(during growth) allows the fabrication process to be successful for every film the first
time it is grown.

Wherever there is an on-chip laser in a photonic integrated circuit, there is a
requirement for an integrated isolator. Photonic integrated circuits are envisioned as
the next computing platform that brings together existing CMOS-based circuitry and
speed that photonics has to offer. The presently disclosed techniques can generate
optical isolators that greatly increase the computation and communication speed of
computing platforms in addition to supporting very high data rates. For example,
services such as cloud storage data centers, long haul communications, applications
in space and defense areas, quantum computing, among others, can be improved by
the disclosed method.

A material deposited on a substrate can have different atomic arrangements
depending on deposition conditions such as the temperature, deposition rate, and
substrate material. The deposited layer ranges from amorphous to single crystal (i.e.,
epitaxy). While epitaxy is a desirable arrangement, achieving epitaxy requires
stringent deposition conditions, including requiring that the substrate be crystalline
and the lattice of the substrate be matched with the deposited layer. A seed layer
ensures adherence of the deposited layer to the substrate and offers nucleation
germs to enhance the nucleation phase by inducing the desired crystallization form
in the deposited layer. In general, the techniques for forming optical isolator active
layers disclosed herein do not require the formation of an optical isolator seed layer.

Such omission of a seed layer may be beneficial as it allows additional steps, such
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as resist deposition and removal, which may add complexity, points of failure, and
time to the process, to be bypassed.

The details of one or more implementations of the subject matter of this
disclosure are set forth in the accompanying drawings and the description below.
Other features, aspects, and advantages of the subject matter will become apparent

from the description, the drawings, and the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A is a schematic that illustrates an example of an optical isolator active
layer formed on a seed layer. FIG. 1B is a plot displaying the interaction of the
Faraday rotation and Stokes vector of a material.

FIG. 2 is a schematic that illustrates an example of a device that applies the
methods described herein.

FIG. 3 is a schematic illustration of an exemplary system for performing
sputtering.

FIG. 4A is a schematic illustration of an exemplary laser source integrated
with an optical isolator and interferometer. FIG. 4B is a schematic illustration of an
exemplary laser source integrated with an optical isolator and interferometer.

FIG. 5 is a schematic illustration of an exemplary optical isolator design using
non-reciprocal mode conversion in which garnet is sputtered as a cladding to the
waveguide.

FIG. 6 is a graphical illustration of exemplary fluctuations of bias voltage
during a deposition process.

FIG. 7 is a graphical illustration of the x-ray diffraction measurements of a
substrate at various sputtering powers.

FIG. 8 is a graphical illustration of the effect of annealing temperature on a
particular crystallization process.

FIG. 9 is a graphical illustration of the effect of dopant concentration on a
particular sputtering process.

FIG. 10 is a graphical illustration of the effect of discharge voltage, or forward
power, for a particular sputtering process.

FIG. 11 is an illustration of an exemplary laser integrated with an optical

isolator and a half reciprocal polarization converter.
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FIG. 12 is an illustration of a Ce:TbIG thin film on the side and the top of a
waveguide.

FIG. 13 is a graphical illustration of the optimization of a dopant concentration
for a particular dopant, x-ray diffraction measurements of various substrates, and the
interaction of forward sputtering power and the fraction of substitution, Faraday
rotation, and bias voltage of a particular target material.

FIG. 14 is an illustration of the relationship between isolation ratio and Stokes
vector angle and a cross section-scanning image of a waveguide isolator with a
particular optical isolator active layer and an illustration of the TM mode output with
TE mode laser source and the relationship between the magnitude of isolation and
an optimal length of a device for various magneto-optical cladding materials.

FIG. 15 is a table illustrating exemplary measurements of for different garnet
cladding layers.

FIGS. 16A-C are graphical illustrations of the results of a sputtering process
that demonstrate the linewidth, damping parameter, and symmetry of the magneto-
optical material.

FIG. 17 is an image using an electron backscatter diffraction (EBSD) imaging

technique illustrating the improved quality of the material.

DETAILED DESCRIPTION

Isolators are unidirectional passive devices used in photonic integrated
circuits to protect the laser from destabilizing back reflection of light. The
unidirectional nature of an isolator may be realized by using the magneto-optical
property of rare-earth iron garnets. The effectiveness of an isolator largely depends
on the Faraday rotation (magnetic gyrotropy), or the extent to which the material can
rotate light.

Some applications of gyrotropic devices having a material with a high level of
Faraday rotation include quantum computing and optical computing. For example, in
both cases, the polarization state of light is a key parameter and gyrotropy is a way
to control such polarization. Optical computing chips are typically fabricated on
silicon wafers. If the garnet were on a garnet substrate, integrating it with silicon
would be difficult. Sputtering allows the gamet (e.g., Ce:TblG) to be deposited on
silicon, overcoming integration challenges. These applications would benefit from a

sputtered garnet, which can be integrated with silicon and therefore other electro-
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optic devices, instead of needing a garnet on a garnet substrate (garnet substrates
are expensive and not used in the fabrication of other electro-optic devices needed
for the full application of computing.

Achieving high Faraday rotation is challenging for various reasons. First,
integration of a magneto-optic material on a substrate typically benefits from using a
substrate formed from a specific material for reasons such as material compatibility
and lattice matching. For example, magneto-optic garnets can be grown epitaxially
on garnet substrates, such as gadolinium gallium garnet (GGG). Thin layers (e.g.,
hundreds of nm) of certain types of magneto-optic materials such as yttrium iron
garnet (YIG) can be grown on semiconductor substrates such as a silicon substrate.
However, limited achievable layer thickness and relatively low Faraday rotation (e.qg.,
around +200 °/cm at around 1550 nm for Y1G) of such materials limits performance
of Faraday rotators based on such magneto-optic materials. Tens of degrees
Faraday rotation would require millimeter thicknesses which are essentially bulk
thicknesses (e.g., substrates are typically fractions of millimeters thick).

High Faraday rotation may be useful in obtaining large isolation ratios in
photonic isolators. Non-reciprocal phase shift (NRPS) based designs can be utilized
to obtain large isolation ratios, but such designs are limited to TM-mode operation,
while many existing lasers emit TE-mode light. Furthermore, NRPS designs are
generally used with around 220 nm Si core thicknesses, making them dimensionally
incompatible with integrated lasers which are typically fabricated on around 500 nm
Si core.

Certain magneto-optic materials, such as doped garnets, including bismuth-
doped YIG (Bi:YIG) and cerium-doped YIG (Ce:YIG), can provide higher Faraday
rotation (e.g., around -4500 °/cm at around 1550 nm for Ce:YIG grown on GGG).

In some cases, the garnet is deposited in two steps by first depositing a seed
layer of undoped garnet, followed by depositing a doped layer of garnet on the seed
layer. This improves the garnet material quality and provides better Faraday rotation,
but requires additional expensive lithography steps. Additionally, the presence of the
seed layer may result in lower Faraday rotation and higher optical losses when
formed as cladding on a waveguide layer. Alternatively, garnet can be grown
separately on a garnet substrate. However, this is not a foundry friendly solution as

these garnets cannot be monolithically integrated.
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The present disclosure addresses these issues and is directed to forming an
optical isolator active layer directly on a substrate and providing high Faraday
rotation (e.g., > 3000°/cm). Advantageously, the disclosed device architectures can
be achieved using planar processing techniques. While traditional planar integration
solutions to generate TE mode isolators required a large footprint, the present
disclosure enables compact, integrated form-factors and large-scale manufacturing
in an economic manner.

In some implementations, the methods described herein include depositing a
doped garnet layer directly on a substrate without the use of a seed layer. For
example, the methods may include forming the doped garnet layer as an optical
isolator active layer directly on a waveguide. The methods disclosed herein may
avoid the additional fabrication costs associated with the seed layer. Furthermore,
the doped garnet layer generated from these methods can be used on a Si core
(around 500 nm thick) and is compatible with both the mode and dimensions of
currently integrated lasers. The present methods use non-reciprocal mode
conversion with quasi-phase matching to realize mode-interoperability (TE and TM
mode) and dimensional compatibility with currently integrated lasers. The weaker
interaction of the propagating mode with the garnet cladding in thicker core Si
waveguides can be offset by using a high gyrotropy seed layer-free magneto-optical
material.

As explained above, thin-film garnets can replace bulk isolators and enable
on-chip laser integration. Garnets (such as Ce:YIG, Bi:YIG) use a thin seed layer in
order to grow on non-garnet substrates like Si. This reduces the effective Faraday
rotation experienced by light on silicon on insulator (SQOI) platforms.

FIG. 1A illustrates an optical isolator 100 with cladding including a cerium-
doped garnet active layer 110 formed on a YIG seed layer 112 (Ce:YIG), where the
cladding is located on a semiconductor substrate 114. A representation of a forward
propagating wave 116 and an evanescent tail 118 of the forward propagating wave
116 is also shown. A thickness of the seed layer 114 is directly related to the
polarization state of the optical isolator 100, which is represented by the Stokes
parameter Sz. Seed layers 112 can be between about 20 nm and about 100nm. In
some implementations, a seed layer of around 45nm can provide close to 99%
crystallinity for subsequently doped garnet. For example, a seed layer of around

45nm can provide greater than 95% crystallinity for subsequently doped garnet.



10

15

20

25

30

WO 2020/219554 PCT/US2020/029333

FIG. 1B is a data plot 104 with the seedlayer thickness (nm) along the
horizontal axis and the average Stokes parameter S; along the vertical axis. Figure
1B is a simulation 104 of the net Faraday rotation experienced by the light if a garnet
(Ce:YIG) were deposited on a seed layer of a specific thickness (nm) (shown along
the horizontal axis). As the seed layer thickness increases, the net Faraday Effect,
represented by the Stokes parameter S3, also reduces. The representative Faraday
rotation data lines correspond to different Faraday rotations for Ce:YIG reported in
the literature. A common attribute is the sharp decline in S3 with thicker seed layers.
The representative Faraday rotation data lines are an indication of the quality of the
magneto-optical material. Faraday rotations for the highest reported quality Ce:YIG
9(4500 degrees/cm which can only be achieved on GGG substrates) to the lowest
reported value for Ce:YIG (-1100 degrees/cm) are shown. Data plot 104 indicates
that decreasing the seed layer thickness decreases the Stokes parameter Si. The
interaction of the Faraday rotation (represented in degrees/cm) and Stokes vector
(component S3) of a material can be seen the data plot 104. In particular, the
interaction of the Faraday rotation and Stokes vector is reduced due to the seed
layer 112 thickness.

The presently described techniques include exemplary methods for fabricating
magneto-optic material that involves monitoring of the bias voltage at a sputtering
target of a dopant element to control the quality of the magneto-optic material (such
as the cerium-doped garnet active layer 110 shown in FIG. 1). In these techniques,
the bias voltage at the target is monitored as a function of time during a radio-
frequency (RF) reactive co-sputtering process. The fluctuation of the bias voltage
with time is dependent on several factors such as gas flow into the sputtering
chamber, forward sputtering power, and the nature of the target material.

For certain dopants, such as cerium, this fluctuation follows a characteristic
trend which corresponds to the oxidation and deoxidation of the surface of the target,
commonly known as the transition from a metallic to nonmetallic back to metallic
nature at the surface. Rather than using the forward sputtering power or post-
deposition elemental composition analysis as the primary variable to monitor to
differentiate between high and low Faraday rotation samples, the described
processes uses bias voltage as the primary indicator. This in situ technique provides
the highest repeatability for high quality films because bias voltage is the best

indicator of the target surface condition, and it can be monitored and controlled
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during the film growth. These methods facilitate monolithic integration of photonic
isolators because the cladding layer can be formed directly on the waveguide layer
of the substrate.

FIG. 2 is a schematic example of an optical isolator 200, which is substantially
similar to the optical isolator 100. The optical isolator 200 includes substrate layers
204, 206, and 208, optical isolator active layer 202, and an additional layer 210 on
top of active layer 202. Other exemplary devices that use the optical isolators
fabricated according to the techniques disclosed herein can include, for example,
Fabry-Perot rotators and integrated quantum and spintronic devices.

Active layer 202 is a layer of magneto-optic material that exhibits a magneto-
optic effect (e.g., non-zero Verdet constant). Active layer 202 is capable of providing
Faraday rotation when a magnetic field in applied parallel to the propagation of the
light, e.g., light traveling through the waveguide layer 104. Maximum Faraday
rotation for a given magneto-optic material type and thickness can be obtained by
applying a magnetic field having a field strength sufficient to magnetically saturate
the magneto-optic material. Examples of magneto-optic materials include yttrium iron
garnet (YIG), bismuth-doped YIG (Bi:YIG), cerium-doped YIG (Ce:YIG), terbium iron
garnet (TbIlG or TIG), bismuth-doped TbIG (Bi:TblG or Bi:TIG), and cerium-doped
TblG (Ce:TblG or Ce:TIG). The active layer 202 may have a Faraday rotation
greater than at least -3000 °/cm for a predetermined wavelength of light. For
example, the Faraday rotation of active layer 202 may be greater than at least
around -3500 °/cm, greater than at least around -4000 °/cm, greater than at least
around -4500 °/cm, or greater than at least around -5000 °/cm for near infrared
wavelengths of light. The rotations will be greater at shorter wavelengths (e.g.,
visible light).

Layer 204 can be formed from a semiconducting material, such as silicon, or
visibly transparent materials, such as oxides and nitrides. Layer 204 can be a
waveguide layer for light to propagate inside its structure. In an exemplary
embodiment, substrate layers 206 and 208 and waveguide layer 204 together form a
silicon on insulator (SOI) substrate, where layer 206 is silicon dioxide, and layer 208
is silicon. SOI technology uses a layered silicon, insulator, silicon substrate in place
of a silicon substrate to reduce parasitic device capacitance in electronics.
Therefore, SOI is readily available and enables electronic integration with the

gyrotropic materials described in this specification. Layer 206 can be formed from

10
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various insulator materials other than silicon dioxide, including sapphire. In some
implementations, substrate layers 206 and 208 can be an area for light to propagate
perpendicular through or reflect off.

The additional layer 210 can be formed from various materials, including
silicon nitride, to provide an index-matched cladding for implementations having half-
beat lengths (i.e., where active layer 202 is not used as cladding for phase-matching
purposes). In an exemplary example, this additional layer can be a garnet of
opposite chirality to the active layer to provide double activation.

The optical isolator 200 can be fabricated using a method that deposits a
layer of magneto-optical material, such as a doped magneto-optical material, directly
onto the substrate and annealing to provide a highly crystalline active layer having a
high Faraday rotation without the need for a seed layer to be deposited first. The
magneto-optical material can include a garnet material including, e.g., an iron garnet
material, and more specifically including, e.9., doped iron garnet materials such as
bismuth-doped yttrium iron garnet (YIG) (Bi:Y1G), cerium-doped YIG (Ce:YIG),
bismuth-doped TbIG (Bi:TblG or Bi:TIG), and cerium-doped TblG (Ce:TbIG or
Ce:TIG).

An exemplary fabrication method can include the following steps. First, a
substrate (e.g., layers 206, 208) such as silicon is provided. For example, a single-
crystalline silicon substrate that has been polished on a single side or on both sides
can be used. In some cases, the substrate can include multiple layers. For example,
the substrate can be a SOI substrate that includes an Si layer and an SiO2 layer. The
substrate can be composed of materials such as silicon nitride, silicon oxide, cubic
zirconia, among others. In cases where diffusion between the garnet and the
substrate material can occur, an intermediate layer can be used that is a material
such as silicon nitride, silicon oxide, cubic zirconia, among others.

In some cases, the substrate includes a waveguide layer 204. For example,
the substrate can include a waveguide layer formed from Si. In some cases, the
garnet itself is the waveguide. For example, a glass substrate can be used with a
garnet waveguide. This application allows light to be confined within the thickness of
the garnet. By designing the optical isolator 200 with different waveguide
configurations, light is guided either through a garnet waveguide or through another

waveguide with garnet on top.
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Next, a magneto-optic material as an active layer 202 is formed directly on the
substrate. In some cases, the active layer 202 serves as a cladding to an underlying
waveguide formed in the substrate. The active layer 202 can be formed using, for
example, a radio frequency (RF) sputtering technique in an oxygenated environment.
Use of a radio frequency sputtering technique 300 may provide films having
uniformity and low surface roughness.

FIG. 3 illustrates a radio frequency sputtering technique 300 for forming the
firms or layers on a substrate 320. One or more substrates 320 are placed on a
platform 304 within a vacuum chamber 302. Three sputtering guns 306 allow argon
from a magnetron to flow in 308 and impact a target 310 releasing target atoms 312
that are sprayed onto the substrates 320. The argon ions near the magnetron strike
the target initiating a release of atoms from the target. Continued flow of argon
sustains this process. Oxygen combines with the released atoms to form an oxide
on the substrate (e.g., Silicon wafers). A vacuum pump 314 extracts air and other
gases from the vacuum chamber 302. An inlet argon at the targets is used for
sputtering the targets and an inlet of oxygen (O-) at the substrate 316 is used for
oxidization of the film as it is deposited. Cladding layer 202 can be formed in a
sputtering environment using the radio frequency sputtering technique 300.

While three sputtering guns 306 are shown with the radio frequency sputtering
technique 300 in FIG. 3, a different number of sputtering guns can be used, such as
1, 2, 4, or 5 sputtering guns. When three sputtering guns are used, each sputtering
gun may include a metallic target. For example, the first gun may include the cerium
target, the second gun may include the terbium target, and the third gun may include
the iron target. When one or two sputtering guns are used, at least one target is an
alloy or a compound. For example, if one sputtering gun is used, an alloy of cerium,
terbium, and iron may be used as the target of the sputtering gun. If two sputtering
guns are used, an alloy of terbium and iron may be used as a target of one
sputtering gun and cerium is used as the target of the second sputtering gun, where
the sputtering gun for the cerium target is controlled according to the techniques
disclosed in this specification. Metallic targets have a higher sputter yield (or
deposition rate measured in angstroms/second) compared to alloy or compound.
Hence, using three sputtering guns is usually preferable since it the process is faster
than using one or two sputtering guns. While the bias voltage should be monitored

for all targets, the first sputtering gun with the cerium target is most important for Ce-
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doped iron garnets because it most impacts the value of the gyrotropy achieved in
the deposited film. Therefore, this bias voltage control will be discussed in detail
below.

For a particular, specified composition of the active layer 202, the method
includes determining at least one sputtering process parameter. For example, the
process parameter can include a forward sputtering power, or the forward power (W)
applied when sputtering a particular material. Other processing parameters include
bias voltage, reflected power, pressure, oxygen partial pressure, temperature, and
sample movement, such as rotation.

The method then includes sputtering of multiple targets according to the
determined parameter to deposit the cladding layer 202 on the waveguide layer of
the substrate. For example, the targets can include cerium, terbium, or other rare
earth materials, with iron to make iron garnet films. Each target is excited by a
sputtering beam having a specific forward sputtering power.

The method includes measuring an initial bias voltage value at a particular
sputtering target (e.g., cerium) and, throughout deposition of the active layer 202,
maintaining the bias voltage at the initial value within a predetermined threshold
relative to the initial value. For example, the bias voltage can be maintained within a
particular percentage of the initial value. The initial value of the bias voltage at a
target can be machine dependent, and can be calibrated at the beginning of each
deposition process. The bias voltage provides information regarding the condition of
the surface of the target. Because the sputtering is performed in an oxygenated
environment and because the target can be a metal, if the surface of the target
becomes oxidized, the bias voltage can drop by a measurable amount. The
deposition rate also depends on the bias voltage. As described in further detail
below, certain targets have drops in bias voltage that are more distinctive and easier
to measure.

Bias voltage is a characteristic of a metallic sputter target that is related to the
ion induced secondary electron emission. In a sputtering system, the target is held at
a negative bias (cathode) to attract the ionized sputtering gas (argon ions) that are
positively charged. This results in the bombardment of cathode by argon ions which
dislodges target material from the cathode and triggers secondary electron
emissions. The surface of the target (oxidized or purely metallic) dictates the ion

induced secondary electron emission coefficient, which changes the bias voltage
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depending on the condition of the target. This is the primary basis for defining the
bias voltage which is sometimes referred to as the discharge voltage. The bias
voltage is monitored through the readout display in the target power supply. This can
be done manually. This can also be automated in the instrument software in an
external computer that controls the tool.

If the bias voltage reduces below a pre-determined level for a specific sputter
target, it may indicate an onset of oxidation of target surface. Cutting off the flow of
reactive gas (oxygen) and/or closing of the target shutter are some of the corrective
measures that can be taken to bring the bias voltage to levels typical of metallic
target surfaces. Then, the shutter is opened and/or the oxygen flow is restored.

Maintaining the bias voltage can include increasing the forward power of a
sputtering gun or closing a shutter of a sputtering gun to allow ions to continue to
bombard the particular target and clean the surface if it is oxidized. In some
implementations, forward power is increased until a drop in bias voltage is sustained
for a threshold period of time or the drop in bias voltage is too large. In such
situations, the surface of the target may be too oxidized for deposition, and the ions
in the ambient, gaseous environment are allowed to bombard the target until the
surface of the target is cleaned. Additionally, the forward power of a particular
sputtering gun must be sufficient such that the rate of sputtering of atoms off of the
target is faster than the rate at which the target is oxidizing.

Maintaining the bias voltage when multiple targets are used can be difficult.
In some implementations, the bias voltage decreases and the resulting film will have
low gyrotropy or not contain the atomic composition to form the desired phase (e.qg.,
garnet). In some cases, this is only evaluated after the process is complete.
However, real-time monitoring of the state of the process using the bias voltage
improves the process and allows corrective action to be taken during each
deposition which ensures each deposition produces reliably high gryrotropy in the
films.

A single or multiple targets can be used. For example, a single target with an alloy
of cerium, terbium, and iron can be used. However, when using a single target, one
needs monitor the bias voltage in case the target oxidizes when depositing the
cerium. In some cases, the cerium may stay in the target, while the terbium and iron
may go into the film. For example, if the single target is an alloy of cerium, terbium

and iron, the sputter yield (i.e., the number of atoms ejected out of the target for one
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argon ion striking it) will be element dependent. Heavier elements like cerium and
terbium might require 4 argon ions to dislodge one atom of the metal from the target
and iron might only require 2 argon ions. Considering this variability, when the target
oxidizes, the sputtering yield might selectively be lower for cerium, while unaffected
for terbium or iron.

The active layer 202 may then be annealed to crystalize the layer to form a
garnet phase. In some cases, this annealed active layer serves as an optical isolator
active layer. For example, the cladding layer can be a cerium-doped terbium iron
garnet layer. The annealing can be performed using, for example, the RTA
technique. The duration, temperature profile, and gaseous ambient can be set to
achieve improved garnet-crystallization of the cladding layer. For example, the
duration can range from around 1 minute to around 5 minutes, and the annealing
temperature can range from around 850 °C to around 970 °C, and particularly
between around 920 °C to around 970 °C. The gaseous ambient composition, for
example, can be an oxygen, nitrogen, argon, or vacuum environment. At this point,
the active layer is crystallized into a predominantly garnet phase, which provides a
high level of Faraday rotation. For example, a cerium-doped terbium iron garnet
active layer 202 can provide a Faraday rotation of about -3000 °/cm.

In some cases, two annealing steps are applied. For example, a first
annealing of the magneto-optic material deposited according to the techniques
disclosed herein may be performed at a first temperature, e.g., between 920 — 970
°C. A second annealing step of the magneto-optic material then may be performed at
a second lower temperature between, e.g., 850 - 920 °C. Other multi-annealing
processes (e.g., that involve annealing at three, four, or five different temperature
ranges) are also possible. In some cases, the rate at which the temperature is
increased (ramp-up rate) is between 45 - 60 °C/sec, but other rates can be used.
For example, 10 °C/sec can be used. The specific rate depends on the process and
materials used. In some cases, the rate at which the temperature is decreased
(ramp-down rate) is between 10 -15 °C/sec, but other rates can be used. For
example, -10 °C/sec can be used. The specific rate depends on the process and
materials used. In some cases, annealing happens in an environment of oxygen,
nitrogen, and argon, but other constituents can be used. In some cases, the oxygen
flow is 10 sccm (standard cubic centimeter per minute), but other flow rates can be

used.
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While Ce:TbIG is provided as an example of the optical isolator active layer,
other materials can be used. Examples of alternative materials for the optical isolator
active layer include Bi:YIG (about -1700 °/cm), TIG (about 500 °/cm) and Bi:TIG
(about -500 °/cm). For each of these alternative materials, there is a characteristic
decrease in bias voltage when the target gets oxidized, which is measured and
monitored. The particular sputtering gun used for measuring and monitoring is
based on the material. This can influence the bias voltage measurements, but the
process is otherwise substantially similar.

EXAMPLES

The following includes example experimental results of optical isolator active

layers formed using the fabrication techniques disclosed herein.
Use Cases

There are advantages to forming the magneto-optic material, including doped
garnet, using the techniques described herein. SOI PICs are currently manufactured
with several hundred devices each, similar to early electronic ICs. However, these
SOl PICs still suffer from a lack of deployed solutions for incorporating isolators (or
optical “diodes”) to protect integrated laser sources. Prototype integrated isolators
have dimensional mismatches and mode incompatibility with on-chip laser sources.
Dimensional mismatch can, in principle, be accommodated with tapers, and mode
(or polarization) incompatibility can be overcome by complex infrastructures, such as
polarization converters and couplers, but generally each component and interface
can cause unwanted reflections before isolation.

To date, many waveguide isolators have exploited the transverse magneto-
optic effect in interferometers or resonators using around 220 nm SOI with magneto-
optic garnet top claddings. A NRPS occurs, but only for transverse magnetic- (TM-)
polarized guided light, and asymmetric interaction of evanescent waves in the garnet
(upper) and silica (lower) claddings is fundamentally required. Consequently,
extremely high confinement is essential, and NRPS falls off rapidly core thickness
increases beyond around 220 nm. Thin waveguides can also be designed for
fundamental (single) mode operation (TE and/or TM) so many components in the
rest of the PIC chip typically use around 220 nm SOI. Unfortunately, this means that
tapers will be needed between integrated lasers, which are currently around 500 nm
thick, and the isolators, leading to detrimental reflections that occur before they can

be isolated from impinging back on the laser.
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FIG. 4A and 4B are schematics 400, 450 of on-chip SOI substrate with a laser
source. The substrate includes a Si layer 410 and a SiO2 layer 412. The laser is
integrated with Si core devices (around 220 nm thick) via a horizontal adiabatic taper
coupler. A 500 nm integrated TE-mode laser 402 is used as the light source. A 1D
NRMC isolator 404 including a taper 406 provides isolation of all the reflections that
can impinge on the laser 402. The location of the 1D NRMC isolator 404 is
responsible for this. A two-dimensional interferometer or ring resonator based NRPS
isolator 408 is placed after tapering down to around 220 nm in thickness.Use cases
for the proposed techniques include implementing an alternative to NRPS for
integrated waveguide isolators, such as a non-reciprocal mode conversion (NRMC),
which is the waveguide equivalent of Faraday rotation, and which is used in
conventional bench-top and fiber-coupled isolators. With the addition of a half
reciprocal polarization converter (H-RPC), isolation of TM and/or TE modes is
achieved with a simple longitudinal magnetic field. In contrast, isolation of TE modes
by NRPS has only been achieved with full polarization converters (RPC). In addition,
unlike NRPS devices which are two dimensional (2D) devices, requiring the
interferometer and ring resonator to utilize the phase shift, NRMC devices are one
dimensional (1D) with very small footprints as shown in FIG. 5.

FIG. 5 is a schematic of 1D waveguide isolator 500 with segmented cladding
of Ce:TbIG/SixNy to obtain non-reciprocal mode conversion (NRMC), which is the
waveguide equivalent of Faraday rotation. An array of half reciprocal phase
converters 502 converts the TE-TM mode output into TE modes for forward
propagation into the photonic circuit and vice-versa for backward propagation.

Although larger core dimensions may be formally multi-moded, the higher
optical losses for higher-order modes normally prevents them having a significant
role in high index contrast waveguides (e.g. SOI for core dimensions <1um) other
than at splitters/couplers. While the evanescent interaction in a garnet cladding
reduces for the fundamental mode for NRMC as the core dimension increases, it
falls off comparatively slowly compared to the critical asymmetric criterion in NRPS.
Therefore, it is feasible that a combination of the best gyrotropy garnet and proper
SOl isolator design can overcome this limitation.

The present methods provide repeatable and foundry-friendly procedures to

grow seed layer-free optical isolator active layers (e.g., Ce:TblG), optimized to give
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high magnetic gyrotropy, together with a non-reciprocal mode conversion (NRMC)
design.

NRMC can be difficult to utilize in SOI platforms due to the birefringence of
silicon waveguide structures. However, quasi phase matching (QPM) has been
shown to overcome birefringence. QPM is achieved using alternating magneto-optic
and non- magneto-optic segments with lengths that match the characteristic beat
length of the waveguide birefringence. Therefore, not only can NRMC designs use
around 500 nm-thick SOI, they actually benefit from thicker waveguides because
cross-sections of the designs can be more isotropic. This means that QPM
structures can, in principle, be fabricated via photolithography or nano-imprint rather
than expensive e-beam lithography for foundry-friendly designs.

The key to enabling NRMC devices is high gyrotropy materials. Ce:TblG can
crystallize on top of Si without an optically-detrimental seedlayer that is needed for
other garnets (e.g.: doped YIG). The Faraday rotation of sputter-deposited Ce:TblG
can be optimized using two parameters, annealing temperature and Ce-doping.
Annealing parameters are optimized to produce the desired garnet crystallinity in a
single step. Ce-doping is optimized by controlling the bias voltage on the Ce target
during deposition. Importantly, the NRMC method presented here could also be
useful for NRPS devices because the physical phenomenon behind both NRMC and
NRPS is magnetic gyrotropy, which is optimized here.

Future integrated photonic circuits may migrate to thicker cores for a number
of reasons, especially if the integrated lasers do not scale below around 500nm.
Development of a dual-level SOI platform is extremely challenging, especially the
preservation of pristine silicon surfaces for bonding or deposition needed to facilitate
low-loss waveguide propagation. It is difficult to meet uniformity and surface etch
damage requirements upon partial etching of a thicker SOI core, which could prove
problematic when subsequently addressing garnet bonding or garnet precursor
deposition. Alternatively, selective area deposition of amorphous silicon can increase
the core thickness from the initial SOI thickness (e.g., around 220nm) but could
prove problematic when subsequently addressing Ill-V bonding for the active
elements for a thickened core. In these cases, the only viable isolators proposed to

date are the NRMC isolators as described herein.
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Cerium Bias Voltage Trend

FIG. 6 shows a data plot 600 of the characteristic fluctuation of bias voltage
for cerium corresponding to the oxidation and deoxidation of the surface of a target.
This characteristic trend decreased after the 10th minute of the process and
bounced back to bias voltages greater than its starting value. Sputtered samples for
which this trend was observed have a very high Faraday rotation, typically greater
than -3200 °/cm. There are two samples in FIG. 6 in which this trend was not
observed and their Faraday rotations were correspondingly lower than the expected
values.

Cerium-doped Terbium Iron Garnet

Garnet-clad (with garnet around 500 nm thick) SOI TE-isolators were
demonstrated with thicknesses and modal operation commensurate with typical
dimensions of integrated lasers for optimal isolation. Integrated isolators normally
employ around 220 nm SOlI, similar to photonic integrated circuit (PIC) dimensions,
but the necessary connecting elements can result in unwanted reflections or excess
losses. Although the propagating modes in around 500 nm Si waveguides can
interact more weakly with the garnet cladding than those in around 220 nm
waveguides, the interaction in this example was strengthened by engineering a seed
layer-free garnet with large magnetic gyrotropy. Specifically, seed layer-free Ce-
doped terbium iron garnet (Ce:TbIG) films on Si were optimized using annealing
temperature and Ce sputtering bias voltage, resulting in repeatable Faraday
rotations better than around -3200 °/cm. Next, a quasi phase-matched non-reciprocal
mode conversion design enabled this material to achieve isolation ratios up to
around 11 dB in prototype devices.

Thin films of Ce:TIG around 250 + 7 nm thick were grown on substrates of
around 10 mm x around 10 mm. For example, the substrates included Si, MgO,
sapphire, and yttria-stabilized zirconia (YSZ). Once the films were deposited,
samples were rapid thermal annealed (RTA) for around 2 minutes. The samples
were RTA at temperatures around 900 °C, and in an oxygenated environment of, for
example, around 10 sccm of Oa.

X-ray diffraction measurements were obtained through a 6 - 26 coupled mode
scan. Faraday rotation was measured in a transmission optical setup at around 1550
nm with a magnetic field of 3500 Oe in the direction of light propagation.

Results and findings of this exemplary experiment can be seen in FIGS. 7-12.
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FIG. 7 is a data plot 700 of the x-ray diffraction measurements of Ce:TbIG thin
films on different substrates. X-ray diffraction is a characterization technique used to
identify the crystalline phases of the material. The measured pattern is compared
with a standard from the database to determine whether the material has crystallized
in the desired garnet phase. Other secondary phases that are possible may not have
the gyrotropic properties. FIG. 7 illustrates that Ce:TblG can crystallize in the desired
phase on a variety of substrates. This indicates that Ce:TblG can be a great choice
in applications that utilize a non-silicon substrate and require a magneto-optic garnet.

FIG. 8 shows two data plots 800, 802 representing the effect of annealing
temperature on a particular crystallization process. Samples were sputtered at
constant forward power (around 40 W) and annealed at different temperatures.
Annealing is the process of converting a material from an amorphous state to a
crystalline state. Different temperatures can be used to achieve this process. The X-
ray diffraction results shown in FIG. 8 illustrate that at least 850 °C may be used to
achieve crystallization in the desired phase. The Faraday rotations on the right panel
show that 900 °C is a preferable annealing temperature.

FIG. 9 shows two data plots 900, 902 of the effect of dopant concentration on
a particular sputtering process. Samples were sputtered at different forward powers
and annealed at a constant temperature of around 900 °C. Preferentially substituting
cerium in garnets usually increases the Faraday rotation of the garnets. The amount
of cerium being introduced may be controlled by the forward sputtering power for the
cerium gun. The X-ray diffraction results shown in FIG. 9 illustrate that garnet
crystallize in the desired phase regardless of the cerium forward sputtering power.

For example, sputtering power of 20W to 60W is shown in FIG. 9. The right panel
illustrates that about a 10% fraction of cerium substitution may be used to obtain
high gyrotropy.

FIG. 10 is a graphical illustration 1000 of the effect of discharge voltage, or
bias, or forward power, for a particular sputtering process. The effect of discharge
voltage illustrates that a significant difference from the fitted curve is representative
of low Faraday rotation in the sample.

FIG. 11 is an illustration 1100 of an exemplary laser integrated with an optical
isolator 1102 and a half reciprocal polarization converter.

FIG. 12 is an illustration of the Ce:TbIG thin film on the side and the top of a

waveguide. Compositional analysis through a scanning electron microscope shows
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increase in garnet elements at the sidewall edges of the Si waveguide. Transmission
microscopy image shows the select area diffraction and dark field image, which
confirms the crystallization of Ce:TbIG on sidewall.

Magnetic gyrotropy in sputter-deposited garnet can be optimized via several
methods, including crystallization of the garnet phase and control of doping. In one
example, rapid thermal annealing (RTA, around 700 °C to around 1000 °C, and
around 3 min in O2) was used to crystallize RF magnetron sputtered Ce:TbIG films
(around 25017 nm thick) on Si. The desired garnet phase crystallized at
temperatures above around 850 °C, as indicated by the X-ray diffraction spectra as
illustrated in FIG. 8. FIG. 8 illustrates optimization of annealing temperature: a) X-ray
diffraction spectra obtained for Ce:TblG samples grown at around 40 W cerium
sputtering power and annealed at temperatures from 700 °C — 1000 °C for around 3
minutes. Optimized crystallization of the garnet phase occurs at around 900 °C, after
which secondary phases appear (garnet peaks are identified in parentheses), and b)
a correspondingly high Faraday rotation was obtained for the sample annealed at
around 900 °C (the error bars are calculated from the variations obtained in three
consecutive measurements). At higher annealing temperatures, a secondary phase
was also observed (peak next to the (420) garnet peak). Although it was difficult to
definitively identify this phase from one peak, it could correspond to a lossy ferrite
phase that is more likely to form at higher temperatures. The Faraday rotation of the
films decreased as this phase formed. Therefore, around 900 °C was chosen for
subsequent doping studies, where the films contained crystallized garnet without the
secondary phase.

Reactive co-sputtering offers the means to control the concentration of a
specific element in the film’s composition by varying the corresponding sputtering
power. By controlling the amount of Ce dopant in Ce:TbIG, very high Faraday
rotations can be obtained. The XRD spectra in FIG. 13 confirms the crystallization of
the garnet phase for all Ce sputtering powers.

FIG. 13 is a graphical illustration 1300 of the x-diffraction measurements for
different dopant concentrations and variations in fraction dopant substitution,
Faraday rotation and bias voltage with forward sputtering power for a particular
target material. The experimental results shown in FIG. 13 were obtained using the
process for forming magneto-optical materials disclosed herein. Within this garnet

phase, the fraction cerium substitution (Ce/(Ce+Tb)) increased with Ce power, in
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FIG. 13(b). The Faraday rotation measurements for these samples showed a steady
increase to around -3200 + 200 °/cm corresponding to around 40 W after which the
rotation was relatively constant as seen in FIG. 13(c). Thus far, this is the highest
reported Faraday rotation for a garnet film on a non-garnet substrate without a seed
layer. It appeared that a forward sputtering power of around 40 W was the optimum
process condition to obtain high Faraday rotation. However, Faraday rotation
measurements from additional samples sputtered under similar conditions at around
40 W resulted in a few exceptions with significantly lower rotations.

FIG. 13 illustrates optimization of Ce-doping: (a) XRD spectra of Ce:TbhIG
annealed at around 900 °C with various cerium dopant concentrations corresponding
to change in Ce sputtering power from around 20-60 W (garnet peaks are identified
in parentheses), (b) Increase in fraction cerium substitution (Ce/(Ce+Tb)) with higher
cerium sputtering powers, (c) Faraday rotation measurements show that very large
rotation values (> around -3200 °/cm) are obtained at around 40 W of forward
sputtering power. The outlier is the exception with low Faraday rotation, (d) Variation
of the bias voltage at cerium target for different sputtering powers. The distribution of
bias voltages at around 40 W is comparable to the distribution of Faraday rotation at
around 40 W. The outlier corresponds to the low rotation sample, (e) Room
temperature M-H loop for the in-plane measurement directions show desirable
magnetic properties for an optimal Ce: TbIG sample sputtered at around 40 W Ce.

A subsequent study focused on addressing this abnormal distribution in
Faraday rotation at around 40 W. It was revealed that the bias voltage at the cerium
target during sputtering was the primary factor in reproducing high Faraday rotation.
The plot of bias voltage versus forward sputtering power in FIG. 13(d) showed that
tightly controlled bias voltage resulted in high Faraday rotations. Deviations from this
trend resulted in samples with low rotation values, as in the case of the outlier in
FIGS. 13(c) and 13(d).

FIG. 13(e) shows the room-temperature in-plane M-H loops measurement for
Ce:TbIG with a saturation magnetization(MS) of around 18 emu/cc. The large
coercivity and remanence along with the shape anisotropy allows for the material to
be an ideal candidate of latched or magnetless isolators. A low saturation
magnetization material will also have lower stray fields in contrast to other garnets

used in isolator designs whose MS exceeds around 100 emu/cc.
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One-dimensional (1D) waveguide isolators were fabricated with alternating
segments of Ce:TbIG cladding on around 500 nm x around 900 nm Si waveguides.
The phase-matching beat lengths were identified to be around 21 ym (around 10.5
pm Ce:TblG/around 10.5 um SiXNY). Although these structures were defined by e-
beam lithography, the dimensions are commensurate with fabrication via
photolithography or nano-imprint for eventual foundry-friendly devices. Optical losses
were estimated at a wavelength of around 1550 nm using the Fabry-Perot technique
giving TM and TE losses of around 14.7 and around 11.2 dB/cm, respectively.
Referring back to FIG. 5, the TE-TM mode conversion efficiency after saturating in a
longitudinal magnetic field (> around 1.2 kOe) is shown in FIG. 14. FIG. 14 illustrates
a wavelength scan to detect the TM mode output with TE mode laser source. The
peak in output percentage for around 1511 nm corresponds to TE to TM mode
conversion due to the Faraday Effect. FIG. 14 also illustrates a comparison of
isolation and optimal length of the device for different magneto-optical cladding
materials. The device with Ce:TbIG cladding has the largest isolation ratio.

Referring now to FIG. 14, this NRMC exhibited a peak when the phase-
matching criterion was satisfied, and the shape of this peak was commensurate with
the expected sine cardinal (sinc) for phase-matched coherent mode conversion.
Upon comparing the traces before and after saturation, no TE-TM conversion
occurred before saturation which implies an absence of periodic loading which could
cause reciprocal conversion between TE and TM modes. Therefore, the peak
obtained on saturation is attributed to mode conversion arising solely from magneto-
optical NRMC.

FIG. 14 illustrates non-reciprocal mode conversion measurements 1400: (b)
Isolation ratio calculated from the Stokes vector angle shows that for 1 radians the
isolation ratio is maximum. The values measured for devices shown in FIG. 15 are
superimposed on the theoretical result, and (d) Cross section scanning electron
microscope (SEM) image of the around 500 nm waveguide isolator with Ce:TbIG
cladding.

Next, QPM claddings of various garnets were deposited on around 500 nm
SOIl. The angles between input and output Stokes vectors (6) and the isolation ratios
(dm) were described previously. In short, the devices were cleaved for measurement,
with lengths are given in FIG. 15. From the difference in Stokes vectors of input vs.

output, the optimal length (Loptimai) Needed for the ideal Stokes vector angles of
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was calculated. This length would correspond to conditions where the light waves of
opposite propagation directions are orthogonal to each other at the laser so around
100% isolation can be achieved. The isolation ratio for the fabricated device was
calculated from the Stokes vector angle. FIG. 14(b) shows the calculated isolation
ratios from their corresponding Stokes vector angle superimposed on the curve. Itis
seen that very high isolation ratios (> around 50 dB) can be obtained for the near
ideal Stokes vector angle of 1T radians.

FIG. 15 shows the achieved isolation ratio and projected the Loptimal results
1500 for devices fabricated on around 500 nm SOl platforms with different garnet
claddings. Bi:TblG has been measured to have lower Faraday rotation (around -500
°/cm), and yet QPM claddings could produce full isolation if the isolator length could
be extended to around 2 cm. Note, such lengths have been achieved using windings
that would equal the size of other proposed 2D isolator designs. Ce:YIG/MgO
claddings produced marginally higher isolation ratio but still needs around 13.7 mm
to achieve 1 between the Stokes vectors. Ce:YIG on YIG seed layers has been
measured to have the largest Faraday rotation possible on Si substrates (around -
3700 °/cm). QPM claddings of this garnet had considerably better isolation of around
8.0 dB with the shortest optimal length of around 5.5 mm. However, the undoped
YIG seed layer is required for this garnet, which means two-step lithography (resist
application, mask alignment, development, garnet sputtering, lift-off, anneal, repeat).
Ce:TbIG had very good isolation (around 10.9 dB) and much higher ratios would be
possible for 1 Stokes vector angles at only around 7.35 mm. Considering the
convenience of one-step garnet deposition, Ce:TbIG (FIG. 14(d)) is a foundry-
friendly integrated isolator.

Waveguide isolators on around 500 nm SOI, matching the dimension and
modal operation of currently-available integrated lasers, can be realized with a high
magnetic gyrotropy material like Ce:TblG. Consistently high Faraday rotations of
around -3200 °/cm are achieved with the optimization of annealing temperature and
tight control of bias voltage at the cerium target. The feasibility of around 500 nm
isolators has been demonstrated with prototype devices, and Ce:TblG cladded
isolators had the best trade-off between fabrication ease and isolation. The prototype
device had an isolation ratio of around 11 dB, which can be improved by designing

the devices at the projected Lopimal t0 give a Stokes vector angle of . The 1D
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waveguide isolators shown here can provide the high device density needed for
large scale on-chip integration that is crucial for future silicon photonics.

Ce:TbIG thin films were sputter deposited on double side polished silicon
substrates (around 10 mm x around 10 mm) using reactive RF magnetron co-
sputtering at a base pressure of around 2.5 mTorr in an ambient environment of an
argon and oxygen mixture. The sputtering power of cerium target was varied to
change the concentration of cerium in the films. Post deposition the samples were
subjected to ex-situ rapid thermal annealing for around 3 mins in around 10 sccm of
O2 at temperatures ranging from around 700 °C - around 1000 °C. The thickness of
the samples was around 250 £ 7 nm.

The devices were fabricated using e-beam lithography. Two layers of PMMA
(positive resist) were spin-coated and patterned to make the lift-off mask on SQOI for
Ce:TblG deposition. The bi-layer PMMA was removed using a conventional lift-off
procedure. A SixNy substrate (around 100 nm thick and having the same refractive
index as garnet) was uniformly coated using ICP-CVD (Inductively Coupled Plasma
Chemical Vapor Deposition) to eliminate the periodic loading effect. To pattern the Si
waveguides, Hydrogen silesquioxane (HSQ) was spun on the wafer and then etched
using a STS-ICP dry etch tool down to the oxide.

Faraday rotation measurements were carried out at around 1550 nm infrared
telecommunications S- or C-bands with the laser source in the transmission setup
and a unidirectional magnetic field. The direction of the field was alternated to
measure the Faraday Effect as a difference between the TE and TM modes. The
acquired data from the photodetectors in mV was converted to degrees using a
calibration step and normalized to the sample thickness to obtain the Faraday
rotation in °/cm.

The TE-TM mode conversion efficiency was measured by scanning the
wavelength with a lock-in amplifier on a cleaved sample to form a Fabry-Perot cavity.
The direction of the saturating magnetic field was alternated during the measurement
to effectively measure non-reciprocal effects. TE mode light is injected into the
sample and the TM output is measured using a lock-in amplifier under three
conditions: no magnetic field, after saturation in a magnetic field (around 1.2 kOe) in
the forward direction, and in the reverse direction. A polarimeter was used to

observe and record the three Stokes parameters (S1, S2 and S3) and the azimuth.
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FIG. 17 is an image from an electron backscatter diffraction (EBSD) imaging
technique illustrating the improved quality of material obtained using a process for
forming magneto-optical material, as disclosed herein. Electron backscatter
diffraction (EBSD) imaging is a technique used to identify the crystallinity of a thin
film. EBSD images of Ce:TbIG reveal fully crystallized garnet phase with
polycrystalline orientation. FIG. 17 shows an EBSD map of Ce:TblG on Si substrate
and CeTblG on Si waveguides. The forward sputtering powers (2” diameter targets)
were 220 W for iron, 110 W for Tb and 40 W for Ce. A combination of argon and
oxygen in a 10:1 ratio was used. The bias voltage was monitored and corrective
actions as previously described were taken when the bias voltage began decreasing.
Annealing occurred at 900 C for 3 minutes with a ramp up rate of 45°C/second and a
ramp down rate of 15°C/second. The shaded regions 1702 indicate that the

expected garnet phase is accurately identified.

Yttrium Iron Garnet

Yttrium Iron Garnet (YIG) is a rare-earth iron garnet like the garnets discussed
previously with applications in both optics and spintronics. YIG, also known as a
magnetic insulator, has the unique property of conducting spins and insulating
electrons. This property enables the material to act as a spin valve where spin
transport can be controlled using external magnetic field or electric pulses. These
properties are typically measured using ferromagnetic resonance experiments,
where a microwave pulse is used to excite the spins inside the material. Parameters
like the damping factor (a), inhomogeneous broadening, and g-factor are indicators
of the quality of the material for the spin transport applications.

Measuring and monitoring the bias voltage is not necessary for YIG.
However, the sputtering process and annealing process discussed in this
specification is used for YIG. Sputtering of YIG happens at a forward sputtering
power of 240 W from a FeY allow target. A combination of argon and oxygen is used
in 10:1 ratio. Annealing happens at 900 °C for 3 minutes with a ramp up rate of 45
°C/second and a ramp down rate of 15 °C/second.

YIG, a rare-earth iron oxide, has narrow linewidth and a low damping
parameter. Ferromagnetic resonance (FMR) measurements were performed on
reactively sputtered YIG (around 50 nm)/GGG from a composite target in an argon

and oxygenated ambient environment. Exemplary results of this experiment 1602,
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1604, 1606 are illustrated in FIGS. 16A-C and demonstrate the narrow linewidth and
low damping parameter of YIG and a four-fold symmetry consistent with the cubic
lattice structure of the material. FIG. 16C uses a damping (a) of 6.22 x 104, an
inhomogeneous broadening (AHo) of 3.52 Oe, a cubic anisotropy (Hk) of 40.1 Oe, a
g-factor of 1.93, and a saturation magnetization (Ms) of 132 emu/cc.

A number of embodiments have been described. Nevertheless, it will be
understood that various modifications may be made without departing from the spirit
and scope of the invention. Accordingly, other embodiments are within the scope of

the claims.
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What is claimed is:

1. A method of fabricating a gyrotropic device, the method comprising:
providing a substrate; and
forming an optical isolator active layer on the substrate, wherein forming the
optical isolator active layer comprises:
for a specified composition of the optical isolator active layer, deriving
at least one sputtering process parameter,;
performing sputtering of at least one target according to the at least
one sputtering process parameter to deposit the optical isolator active layer
on the substrate;
measuring an initial value of a bias voltage at a first target of the at
least one target; and
throughout deposition of the optical isolator active layer, maintaining
the bias voltage at the initial value to within a predetermined percentage of the

initial value.

2. The method of claim 1, wherein maintaining the bias voltage at the initial
value comprises (a) adjusting a forward power associated with sputtering the first
target of the at least one target, (b) closing a shutter to prevent deposition of material
from the first target on the substrate, or (c) adjusting the forward power associated
with sputtering the first target and closing the shutter to prevent deposition of

material from the first target on the substrate.

3. The method of claim 1, wherein the optical isolator active layer has a Faraday

rotation greater than at least -3000 °/cm for a predetermined wavelength of light.

4, The method of claim 1, wherein the substrate comprises a waveguide layer

and the optical isolator active layer is a cladding to the waveguide layer.

5. The method of claim 1, wherein the optical isolator active layer comprises

doped garnet.
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6. The method of claim 5, wherein the doped garnet is a waveguide layer.

7. The method of claim 1, wherein the optical isolator active layer comprises

doped terbium iron garnet.

8. The method of claim 6, wherein the terbium iron garnet is doped with cerium.

9. The method of claim 1, wherein forming the optical isolator active layer

comprises annealing the optical isolator active layer.

10.  The method of claim 8, wherein annealing the optical isolator active layer is

performed at a temperature between about 850 and about 970 degrees Celsius.

11.  The method of claim 1, wherein forming the optical isolator active layer

comprises performing the sputtering in an oxygen environment.

12. The method of claim 1, wherein the at least one target comprises a cerium

target, a terbium target, and an iron target.

13.  The method of claim 1, wherein at least one of the at least one target

comprises an alloy of terbium and iron.

14.  The method of claim 1, wherein at least one of the at least one target

comprises cerium.

15.  The method of claim 1, further comprising forming a silicon nitride layer on the

optical isolator active layer.

16. A gyrotropic device comprising:
a substrate, wherein the substrate comprises a waveguide layer; and
a doped garnet optical isolator active layer in direct contact with the

waveguide layer.

17.  The optical isolator of claim 16, wherein the optical isolator active layer

comprises doped terbium iron garnet.
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18.  The optical isolator of claim 17, wherein the terbium iron garnet is doped with

cerium.

19.  The optical isolator of claim 17, wherein the terbium iron garnet is doped with

bismuth.
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