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STRUCTURE FOR AN OPTOELECTRONICS PLATFORM AND METHOD OF
FABRICATING A STRUCTURE FOR AN OPTOELECTRONICS PLATFORM

FIELD OF INVENTION

The present invention relates broadly to a structure for an optoelectronics platform and to a
method of fabricating a structure for an optoelectronics platform, in particular to a barium
titanate-based optoelectronics platform.

BACKGROUND

Any mention and/or discussion of prior art throughout the specification should not be
considered, in any way, as an admission that this prior art is well known or forms part of
common general knowledge in the field.

Electro-optic modulators make essential building blocks of high-speed interconnects, where
the high-speed requirements exclude direction modulation of the laser. For these devices, the
output from an external laser is coupled into an electro-optic modulator where it is modulated
via the Pockels effect. The Pockels effect describes an electric-field tuning of the permittivity
tensor. This field effect change can be used to modulate the phase, intensity, or polarization of
the in-coupled laser light. Electro-optic modulators are typically fabricated in lithium niobate,
a crystal with a large nonlinear coefficient. In particular, lithium niobate’s Pockels coefficient
is around 30 pm/V. This value is directly proportional to the voltage needed to induce a -
phase shift and is thus directly related to both the speed of a modulator, size of a modulator,
and required driving voltage.

In BaTiOs (barium titanate, BTO), the Pockels coefficient can reach over 1000 pm/V, so there
is a strong motivation to explore possible use of this material, because substantial improvement
in speed of a modulator, size of a modulator, and required driving voltage can result. The key
impediments to using BTO in the past included the difficulty of achieving good optical thin
film crystal quality, difficulty of achieving vertical index contrast such that waveguiding within
the BTO layer is possible, and difficulty of achieving good lateral index contrast such that
optoelectronics devices such as modulators and waveguides can be fabricated.

It is noted that while BTO thin films have also been specifically investigated for ferroelectric
applications, e.g. as described in US 2006/0091434, taking advantage of induced strain in ultra-
thin BTO films with thicknesses below a critical thickness of relaxation towards a zero-strain
state. However, those investigations do not take into account any waveguiding and Pockels
coefficient properties of the BTO films.

Embodiments of the present invention seek to address at least one of the above problems.
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SUMMARY

In accordance with a first aspect of the present invention, there is provided a structure for an
optoelectronics platform comprising:

a substrate, and

a BaTiOs, BTO, film deposited on a surface of the substrate and having a thickness
suitable for single mode operation with one or more possible polarization configurations with
optical confinement in the BTO film at a wavelength or wavelength range of operation;

wherein the substrate provides vertical refractive index confinement in a direction
perpendicular to the surface of the substrate for the single mode operation optical confinement
in the BTO film at the wavelength or wavelength range of operation.

In accordance with a second aspect of the present invention, there is provided a method of
fabricating a structure for an optoelectronics platform, the method comprising the steps of :

providing a substrate, and

depositing a BaTiOs, BTO, film on a surface of the substrate and having a thickness
suitable for single mode operation with one or more possible polarization configurations with
optical confinement in the BTO film at a wavelength or wavelength range of operation;

wherein the substrate is chosen to provide vertical refractive index confinement in a
direction perpendicular to the surface of the substrate for the single mode operation optical
confinement in the BTO film at the wavelength or wavelength range of operation.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the invention will be better understood and readily apparent to one of ordinary
skill in the art from the following written description, by way of example only, and in
conjunction with the drawings, in which:

Figure 1(a) shows atomic force microscopy (AFM) morphology image showing small
roughness at the BTO surface of BTO on DSO, with RMS roughness of 754 pm, according to
an example embodiment.

Figure 1(b) shows X-ray diffraction (XRD) 26-» coupled scan showing that BTO film is pure
c-axis single crystal, according to an example embodiment.

Figure 1(c) shows the small FWHM of 0.075 degree in the rocking curve at BTO (002) Bragg
peak verify the high crystal quality of the BTO film, according to an example embodiment.
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Figure 1(d) shows high resolution scanning transmission electron microscope (STEM) cross-
sectional image of BTO on DSO showing high crystalline quality and BTO’s c-axis being
orthogonal to the interface, according to an example embodiment.

Figure 1(e) shows XRD reciprocal space mapping (RSM) of BTO (-103) plane showing the
relaxed nature of BTO film. Red dash line labels the fully strained lattice constant, according
to an example embodiment.

Figure 1(f) shows XRD RSM of BTO (103) plane showing the relaxed nature of BTO film.
Red dash line labels the fully strained lattice constant, according to an example embodiment.

Figure 2(a) shows refractive indices of 850 nm BTO on DSO according to an example
embodiment as function of wavelength.

Figure 2(b) shows measured refractive indices as function of temperature for BTO film
according to an example embodiment.

Figure 3 shows lattice constant a, b, ¢ and unit cell volume V of 500 nm BTO on DSO according
to an example embodiment as function of temperature measured by XRD RSM.

Figure 4 shows a schematic of a Mach-Zehnder modulator into which an example embodiment
can be incorporated.

Figure 5 shows electrostatic (top) and electromagnetic (bottom) simulation of a single
waveguide according to an example embodiment, showing the electric field distribution and
the optical field distribution respectively.

Figure 6 shows an optical Image of example waveguides in BTO with splitters, according to
example embodiments.

Figure 7 illustrates propagation loss characterization showing a very low estimated loss of
under 2 dB/cm, according to an example embodiment.

Figure 8 shows an optical microscope image of a 0.7 um wide barium titanate straight ridge
waveguide fabricated by ICP-RIE etching, according to an example embodiment.

Figure 9 shows loss measurement on a 0.6 um wide barium titanate straight ridge waveguide
according to an example embodiment near 1550 nm by Fabry-Perot method.

Figure 10 shows a schematic cross-sectional view of a rib waveguide modulator design
according to an example embodiment.

Figure 11(a) XRD 28-» coupled scan for BTO film grown on different substrates, according
to example embodiments.

Figure 11(b) shows out-of-plane lattice constant converted from Figure 11(a) near the BTO
(002) peak showing a clearer single c-axis orientation and different strain states.
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Figure 11(c) shows a comparison of alignment of crystal orientation along the z-axis in the
rocking curve at BTO (002) Bragg peak showing superior crystallinity of BTO films on
proposed substrates according to example embodiments than that on MgO.

Figure 11(d) shows the real part of refractive indices of the proposed substrates according to
example embodiments measured by ellipsometry. Refractive indices of BTO film on DSO is
plotted as a reference showing these substrates have lower indices than BTO film.

Figure 11(e) shows the imaginary part of refractive indices of the proposed substrates according
to example embodiments measured by ellipsometry.

Figure 12 shows refractive indices of BTO thin film on various substrates according to example
embodiments characterized by prism coupling (slab modes).

Figure 13 shows a schematic cross-sectional view of a ridge waveguide structure according to
an example embodiment.

Figure 14 shows simulated TE modes with the ridge waveguide structure as shown in Figure
13 for various substrates tested according to example embodiments, showing good
confinement.

Figure 15 shows simulated TM modes with the ridge waveguide structure as shown in Figure
13 for various substrates tested according to example embodiments, showing good
confinement.

Figure 16 shows a flowchart 1600 illustrating a method of fabricating a structure for an
optoelectronics platform, according to an example embodiment.

DETAILED DESCRIPTION

The BTO based electro-optic modulator according to example embodiment can advantageously
be more compact, higher speed, and with lower driving voltage than current lithium niobate
technology. DyScOs (Dysprosium scandate, DSO) used as a substrate according to example
embodiments has a much smaller refractive index than BTO, providing good optical
confinement. These improvements enable shrinking of chip size and reduce the mismatch
between the electrical mode and optical mode along the length of the electrode. This in turn
causes a significant improvement (lowering) of the drive voltage requirements, greatly
reducing the cost of the drive electronics. Careful matching of BTO’s high permittivity with
the microwave mode should also allow for a very high estimated 3-dB bandwidth, likely > 140
Gbps. In lithium niobate modulators, the ultimate speed is limited by the mismatch of the
optical mode with electrical mode propagating down the lateral electrodes. A shorter
modulator enables better matching and better ultimate speed. Since the barium titanate
modulator according to example embodiments can be much shorter, a much better ultimate
speed is expected.
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Sample Growth according to a non-limiting example embodiment
Substrate choice

DSO is used as substrate for BTO growth as DSO advantageously has much lower refractive
index than BTO, thus it can provide better confinement to the optical modes, which allow closer
spacing of the modulating electrodes to the BTO optical fiber/waveguide, as a result the size
of devices according to example embodiments can be reduced.

The relatively small lattice mismatch between DSO (a=0.3946 nm, b=0.3952 nm in the pseudo-
cubic view) and BTO (a=0.3992 nm) advantageously enables high quality single crystal
growth, which leads to large effective r42 (or rs1).

Lao3Sro7Alos5Tao 3503 (LSAT), LaSrAlO4 (LSAQO), and the scandate family with similar such
properties, such as/including GdScO3, SmScO3, TbScO3, NdScO3, HoScOs, ErScOs, TmScOs3,
YbScOs, LuScOs, PrScOs3, LaScOs, YScOs, are good alternatives of DSO, according to
different example embodiments.

According to an example embodiment, the DSO substrate is annealed at 1000°C for 4 hours in
atmosphere to improve the substrate surface

BTO growth

According to an example embodiments, the BTO thin film is grown by pulsed laser deposition
(PLD) on DSO substrate at 600-900°C under 1-20 mTorr, with cooling and post-annealing at
650°C for 30-60 minutes in oxygen atmosphere (200 Torr). Reflection high energy electron
diffraction (RHEED) is used to monitor growth rate at the beginning of the growth, and the
number of laser pulses is calculated for the desired film thickness using the growth rate.

High quality single crystal c-axis BTO film grown on DSO substrate according to an example
embodiment was also characterized through use of X-ray diffraction (XRD) over a wide range
of temperatures, fabricated single-mode waveguides, and verified low loss and a strong electro-
optic effect as demonstrated through polarization modulation. The r parameters of the BTO
film were also extracted.

Growth quality of an example 850 nm-thick BTO film grown on a DSO 15 mm? substrate by
pulsed laser deposition according to an example embodiment is demonstrated in Figure 1,
illustrating a smooth surface and high single crystallinity. Specifically, Figure 1(a) shows that
the RMS roughness is 754 pm, determined from atomic force microscopy (AFM) morphology
image 100 showing small roughness at the BTO surface of BTO on DSO, and this smooth
surface helps reduce light scattering in resultant waveguides. The BTO films have a single
(001)/c-axis orientation, and are very well aligned, as indicated in Figure 1(b) and (c),
respectively. Figure 1(b) shows an X-ray diffraction (XRD) 16-® coupled scan illustrating that
BTO film is pure c-axis single crystal. The dash-dot lines 102, 104 indicate the Bragg angle
for bulk c-axis and a-axis, respectively. Figure 1(c) illustrates a small FWHM of 0.075 degree
in the rocking curve at the BTO (002) Bragg peak verifying the high crystal quality of the BTO
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film. High crystal quality microscopically is further illustrated by the high resolution scanning
transmission electron microscope (STEM) cross-sectional image 106 in Figure 1(d). For
waveguide applications, a few hundred nm of thickness is required for the BTO to achieve
mode confinement, and thus the BTO films are partially relaxed from their fully strained state.
Figures 1(e) and (f) show XRD RSM of BTO (-103) and (103) plane, respectively, showing
the relaxed nature of the BTO film according to an example embodiment. Dash lines 108, 110
indicate the fully strained lattice constants for comparison.

The refractive indices no, and ne (curves 200, 202, respectively) of the BTO film on DSO
according to an example embodiment are measured with the prism coupling method as a
function of wavelength, as shown in Figure 2(a), and subsequently fitted with the Sellmeier
equation. n, follows the dispersion trend nicely; for ne the fitted curve at long wavelengths (984
nm, 1308 nm) has a poorer match because the small substrate sizes make TM modes more
difficult to couple into the slab; missing modes can result in an incorrect estimate of the index.
The trends are otherwise likely highly accurate.

It is worth noting that for DSO (110) used as the substrate according to an example
embodiment, the in-plane lattice constants are not equal (a # b), thus the lattice of grown BTO
films seems to follow the substrate at an early growth stage, causing in-plane anisotropy, but
as BTO films thicken, relaxation would be expected to decrease this difference. Therefore,
refractive indices for both directions were measured at 637 nm wavelength and only a small
difference of 0.009 was noted.

Bulk BTO has a Curie temperature (Tc) of 125°C which would ordinarily present potential
process challenges', but the Tc in thin films is typically higher due to strain from substrate
clamping. For fully strained (50 nm) BTO-on-DSO, the Tc is known to increase to 500°C!6,
but such a thin BTO layer would be unsuitable for optoclectronics purposes. An appropriate
thickness would be a few hundred nanometers, where the strain on the film is partially relaxed,
with the Tc expected to be lower than fully strained BTO but higher than in bulk. Figure 2(b)
presents refractive indices at elevated temperatures for an 850 nm thick BTO film on DSO
according to an example embodiment; both n, and ne (curves 204, 206) increase linearly and
do not coincide up to 200°C, indicating that the Tc is at least higher than 200°C. Note that the
birefringence is almost unchanged as temperature increases, maintaining a stable optical
property. The temperature range of index measurement is limited by the instrument.

The low Tc of 125°C would normally create difficulties for fabrication processes, because the
structural phase transition which occurs due to heating (during etching, for example) can cause
BTO to crack. However, BTO in the thin film form is much more stable due to the increased
Tc and substrate clamping. The lattice constants of a 500 nm-thick BTO film on DSO according
to an example embodiments was measured as a function of temperature (while both heating
and cooling) by X-ray diffraction. The results shown in Figure 3 show the lattice constants
while cooling down (symbols 301-404) track the values while heating up (symbols 311, 314)
at temperatures up to 700°C, indicating no phase transitions or cracking, thus advantageously
permitting all ordinary lithography, etching, and other fabrication processes.

6
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Design and fabrication method according to a non-limiting example embodiment

Design of Modulator

In traditional lithium niobate modulators, phase modulation is converted into amplitude
modulation via a Mach-Zehnder modulator type device e.g. 400 shown in Figure 4. This
configuration is also possible in BTO and results in shorter interaction lengths than in lithium
niobate which the inventors have verified by simulation.

Specifically, in a Mach-Zehnder configuration in BTO, assuming linear x-polarized input prior
to the beam split (where x is laterally oriented and z is vertically oriented, corresponding to the
crystallographic a and c¢ axes), the output can also be linearly x-polarized — in this case the
extinction ratio after the two interferometer branches are recombined can reach nearly 100%
which we have verified through simulation, and this can take place within a few hundred
microns. The Mach-Zehnder device length according to an example embodiment is thus much
shorter than in lithium niobate.

More specifically, unlike e.g. in lithium niobite, where one arm just has a phase slip relative to
the other and constructive and destructive interference occurs with the other arm, in barium
titanate, one arm without an applied field has undisturbed basis vectors and the other with an
applied field has disturbed basis vectors. When the basis vectors are rotated even a by a small
amount, this means there will not be much power cycling to the z direction (assuming the light
starts in the x direction), but power cycling still occurs. What will change is the mode index
(as barium titanate is birefringent with n, not equal to nx), it can be thought of as a change of
waveguide geometry as seen by the light. With a different mode index, light propagates at a
different speed and an effective phase slip occurs. This cannot easily be characterized without
simulation, but the inventors have observed that effectively a Mach-Zehnder configuration in
barium titanate yields a much shorter modulator than in lithium niobate. The power effectively
spends some time propagating with n; and some time propagating with nx, and since these two
indices are much more different from one another than the small difference in just n; imparted
along a lithium niobate branch, effectively a large phase slip is accumulating relative to a
reference branch without applied field.

Another modulator device configuration which also makes use of the strongest r4> parameter,
which continuously rotates the polarization state during propagation, as a polarization
modulator alone or in combination with phase modulation is implemented according to a
preferred embodiment, which will now be described.

As BTO is tetragonal crystal with 4mm symmetry and the r42 parameter (equivalently rs1) has
the highest coefficient, to target the r4; parameter, it is preferred to orient polarization of light
in plane to be the same as the crystal a-axis (or any axis perpendicular to the c-axis) and apply
the electric field along the a-axis as well (or perpendicular to the c-axis). This produces a
permittivity tensor as shown in (1) below, with off-diagonal elements now accessed; this is a
key difference between BTO and lithium niobate (LN), where the LN r33 parameter affects only
diagonal elements.
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This off diagonal element causes cycling of polarization (in this case) between x- and z-
polarizations (and mixtures of these, depending on initial polarization), with intermediate
stages of elliptical polarization if the propagation direction is along y. For example, a
waveguide designed such that both x- and z- polarization states are supported can be configured
such that the input polarization is linear in x. Without the applied electric field Ex, the
polarization state is unchanged during propagation. With the applied electric field Ex, the
polarization state becomes increasingly elliptical with both x and z components as it propagates
in the y direction, with both the maximum amount of optical power in the z-polarization state
and the distance at which this maximum is achieved depending on the electrical field strength
Ex. With suitable x-polarized light at the input port and a z-polarizer at the output, the modulator
length (single waveguide) can be in the range of dozens of microns, rather than the millimeter-
range typical of Mach-Zehnder interferometers used in lithium niobate.

Electrical and electromagnetic simulations were performed to correctly design both the
microwave and optical aspect of the electrodes and an example waveguide. These results are
shown in Figures 5(a) and (b), respectively. These simulation results show that electric field
applied extends uniformly across the BTO, and optical modes is well confined inside BTO.
The overlap of the microwave (electric) field and the optical field will form the electro-optic
effect in the BTO.

Fabrication

After growth of BTO on DSO via PLD as described above, 100 nm of chromium is deposited
on top of the BTO via electron beam evaporator. Subsequently, resist is spin-coated and
patterned via electron beam lithography. After development of the resist, the chromium is wet
etched away. This provides a double-layer mask. Subsequently an optimized ion milling or RIE
or ICP etching step is used to physically etch the exposed BTO layer, etching down a rib
waveguide on BTO. The rib height is optimized to be sufficiently high to allow for compact
structures, but not too high as to incur sidewall losses.

After ion milling, any remaining resist and chromium are removed via acetone / wet etchant.

Results

The post etching and lift-off result of fabricated BTO waveguides 600, 602 on DSO according
to an example embodiment is shown in Figure 6. Optical inspection shows that these
modulators are of high quality. When telecommunication wavelength light (1550 nm) was
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coupled into the BTO waveguides 600, 602, the scattering from the waveguide 600, 602 is very
low, indicative of a low propagation loss.

This propagation loss has been characterized by the Fabry-Perot method (shown in Figures 9)
and optical image method (shown in Figure 7(a) to (c)), showing an estimated loss of under 2
dB/cm or better. Due to the low amount of scattering from the BTO waveguide according to
an example embodiment, it was not practical to characterize the noise efficiently as the
scattered power is quite low: the power decay is not evident over a propagation of 2 mm. The
optical image method is an optical method to determine loss, using a low magnification lens.
In the optical image method, the straight waveguide is loaded under an optical microscope and
a picture (Figure 7(a)) taken for the scattered light along the waveguide from the roughness.
Then the light intensity of the light spot averaged for the same propagation distance over a
computation area (Figure 7(b)) is plotted against the propagation distance x (Figure 7(c)), and
thus loss is estimated. The light read by the lens directly correlates to the scattering from the
waveguide (which should be proportional to the loss). In Figure 7(c), the fitted curve should
show the loss in dB/cm.

The low loss of the BTO etched waveguide indicate that BTO is suitable for waveguides based
optical devices designs.

Figure 8 shows an optical microscope image of an etched BTO ridge waveguide 800 fabricated
by ICP-RIE etching with side electrodes 802, 804. The waveguide 800 shows a smooth surface
and further characterization also revealed only minor side wall roughness, with no particulates
on the waveguide 800. The waveguide 800 has a ridge width of 0.7um and height of 170 nm,
etched from a 800 nm BTO thin film on DSO]. Results of loss measurement on a 0.6 pm width
ridge waveguide with ridge height of 140 nm according to an example embodiment are shown
in Figure 9. Loss was calculated from the maxima and minima of the Fabry-Perot resonance
peaks, and a low loss of 2 dB/cm was observed at 1550 nm. An average loss of 2.4205 dB/cm
was observed averaging over measured wavelength range.

Figure 10 shows a schematic cross-section view illustrating the BTO ridge waveguide 800
fabricated by ICP-RIE etching with side electrodes 802, 804. In this embodiment, a thin slab
1000 of BTO can optionally remain under the electrodes 802, 804 and ridge waveguide 800 on
the growth substrate 1002, here DSO.

Substrates for use according to other example embodiments

As described above, a strong electro-optic effect in the BTO-on-DSO platform according to an
example embodiments was shown and it was verified that the key requirements for an
appropriate substrate are small lattice mismatch and low refractive index. The scandates family,
with elements neighboring dysprosium, would have similar lattice parameters and refractive
indices. Therefore, growth of BTO films on several scandate substrates available was explored
according to different example embodiments, and high-quality single crystal BTO films were
able to be grown. Additionally, although the lattice mismatch in Lao3Sro7AlossTao3sO3
(LSAT) and LaSrAlO4 (LSAOQO) would cause strain much larger compared with other substrates

9
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tested, these also turned out to be suitable for growth. Figures 11(a) and (b) show coupled scan
XRD spectra for (~500 nm-thick) BTO films grown on various substrates in comparison with
BTO-0on-STO and BTO-on-MgO. The spectra clearly indicate that the films are all c-oriented,
and the crystal quality is high as indicated in Figure 11(c) by the small FWHM of the rocking
curve at the BTO (002) Bragg peak. Figures 11(d) and (e) shows the real and imaginary part
of refractive indices, respectively, of the proposed substrates measured by ellipsometry.
Refractive indices of BTO film on DSO is plotted as a reference showing these substrates have
lower indices than BTO film.

Refractive indices of BTO thin film on various substrates according to example embodiments
were characterized by prism coupling (slab modes), as shown in Figures 12. Notably, the
various substrates according to example embodiments all show lower refractive indices than
the BTO thin films, compare Figure 11(d).

Simulating the modes with a ridge waveguide structure 1300 as shown in Figure 13 for various
substrates tested according to example embodiments, both TE (Figures 14) and TM (Figures
15) modes show good confinement.

The combination of low drive voltage, compact device, and large electro-optic coefficient can
yield improved modulation speeds. LiNbOs3 devices are typically on the order of 2-5 cm,
whereas devices according to example embodiments are on the order of ~100 yum long.

Also, the optimized growth according to an example embodiment allows for good crystallinity
and the optimized fabrication procedure according to example embodiment allows for low
propagation loss.

In one embodiment, a structure for an optoelectronics platform according to an example
embodiment comprises a substrate, and a BaTiO3, BTO, film deposited on a surface of the
substrate and having a thickness suitable for single mode operation with one or more possible
polarization configurations with optical confinement in the BTO film at a wavelength or
wavelength range of operation; wherein the substrate provides vertical refractive index
confinement in a direction perpendicular to the surface of the substrate for the single mode
operation optical confinement in the BTO film at the wavelength or wavelength range of
operation.

The BTO may be in a relaxed state in which the strain is partially or fully relaxed from a fully
strained BTO crystal.

The substrate comprises one of a group consisting of Laop3Sro7AlossTaossOs (LSAT),
LaSrAlO4 (LSAQ), DyScOs (DSO) and the scandate family with similar such properties, such
as/including GdScOsz, SmScOs3, TbScOs;, NdScOs, HoScOs, ErScOs3, TmScOs, YbScOs,
LuScO3, PrScOs3, LaScO3, YScOs.

The BTO film may be formed into a BTO waveguide on the surface of the substrate.

The BTO waveguide may be in the form of a BTO rib waveguide on the surface of the substrate.

10
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The structure may be incorporated into a Mach-Zehnder modulator configuration. The structure
may further comprise an electrode formed on the surface of the substrate on each side of the
BTO waveguide.

The structure may further comprise a polarization filter at an output end of the BTO waveguide.
The BTO waveguide may be configured such that an electric field can be applied along an axis
perpendicular to the c-axis of the BTO waveguide for controlling polarization of light
propagating in the BTO waveguide with a polarization in plane oriented in plane to be the same
as the axis perpendicular to the c-axis. The structure may be incorporated a polarization-based
light modulator.

Figure 16 shows a flowchart 1600 illustrating a method of fabricating a structure for an
optoelectronics platform, according to an example embodiment. At step 1602, substrate is
provided. At step 1604, a BaTiOs, BTO, film is deposited on a surface of the substrate and
having a thickness suitable for single mode operation with one or more possible polarization
configurations with optical confinement in the BTO film at a wavelength or wavelength range
of operation; wherein the substrate is chosen to provide vertical refractive index confinement
in a direction perpendicular to the surface of the substrate for the single mode operation optical
confinement in the BTO film at the wavelength or wavelength range of operation.

The BTO may deposited to be in a relaxed state in which the strain is partially or fully relaxed
from a fully strained BTO crystal.

The substrate may comprises one of a group consisting of Lao3Sro7AloesTaossO3 (LSAT),
LaSrAlO4 (LSAO), DyScO3 (DSO) and the scandate family with similar such properties, such
as/including GdScOsz, SmScOs, TbScOs, NdScOs, HoScOs, ErScOsz, TmScOs, YbScOs,
LuScO3, PrScO3, LaScO3, YScOs.

The BTO film may be formed into a BTO waveguide on the surface of the substrate.
The BTO waveguide may be formed as a BTO rib waveguide on the surface of the substrate.

The method may comprise incorporating the structure into a Mach-Zehnder modulator
configuration. The method may further comprise forming an electrode on the surface of the
substrate on each side of the BTO waveguide.

The method may further comprise providing a polarization filter at an output end of the BTO
waveguide. The method may further comprise configuring the BTO waveguide such that an
electric field can be applied along an axis perpendicular to the c-axis of the BTO waveguide
for controlling polarization of light propagating in the BTO waveguide with a polarization in
plane oriented in plane to be the same as the axis perpendicular to the c-axis. The method may
comprise incorporating the structure into a polarization-based light modulator.

The method may further comprise the steps of:
depositing a first mask layer on the BTO film;

11
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depositing a resist layer on the first mask layer;

patterning the resist layer;

developing the resist layer to form a second mask layer;

removing portions of the first mask layer not covered by the second mask layer so as to

provide a double-layer mask for processing of the BTO film.

The first mask layer may comprise a metal, such as chromium. The metal layer may be

deposited via electron beam evaporator. The resist layer may be patterned via electron beam

lithography. The portions of the first mask layer may be removed by wet etching. The method
may further comprise the processing of the BTO film. The further processing may comprise

ion milling, RIE etching or ICP etching.

Embodiments of the present invention can have one or more of the following features and

associated benefits/advantages:
Feature

DyScO3 (DSO) is used as substrate for BTO
growth where the BTO will form an optical
waveguide with vertical index confinement
created by the lower refractive index DSO
substrate. Also, the small lattice mismatch
enables high quality single crystal BTO
growth, which leads to large effective r4 (or
I51). Lao3Sr07Alos5Ta03503 (LSAT),
LaSrAlO4 (LSAO), and the scandate family
with  similar such properties, such
as/including GdScOs3;, SmScOs, TbScOs,
NdScO3, HoScOs3, ErScO3;, TmScOs3,
YbScOs, LuScOs, PrScOs, LaScOs3, YScOs,
could also be good alternatives to DSO.

The BTO is of the correct thickness to permit
single mode optical confinement at the
wavelength or wavelengths of operation.

A waveguide in etched BTO is oriented such
that an electric field can be applied in either
of the crystal directions such that light

12

Benefit/Advantage

The refractive index of DSO is lower than
that of BTO, allowing creation of vertical
index confinement which is useful for the
design of planar optical functionality.

A small lattice mismatch between BTO and
DSO enables high quality BTO growth,
which enable realization of large r42 (or r51)
value. The r42 (and nominally equivalent r51)
electro-optic parameters are the largest
parameters in the r-matrix and thus are the
targeted parameters.

The BTO and DSO substrate are transparent,
and of a slab thickness on the order of a half
wavelength, so that at commonly used
telecom/datacom wavelengths, light guided
within the BTO can be single mode.

In a hypothetical alternative scenario where
the BTO c-axis (or z-axis) would be in-plane,
would need

electrodes to be placed
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propagating within the BTO will be affected
by the r4 (or rsi) parameter. For example, a
rib waveguide could have electrodes on
either side such that an electric field can be
applied perpendicular to the direction of light
propagation and also perpendicular (or
parallel to) the polarization of the
propagating light.

Without any applied electric field, linearly
polarized light will remain linearly polarized,
but with an applied electric field, the
polarization elliptical
polarization continuously along the length of
waveguide bounded by electrodes according
to an example embodiment. External or

will rotate to

integrated linear polarizers can be placed at

the two ends of the modulator, cross
polarized, to complete a simple modulator
design. An alternative design consists of a
traditional Mach-Zehnder

type modulator according to another example

interferometer-

embodiment, where the polarization rotation
is in addition to the phase slip of a traditional
design.

PCT/SG2020/050166

perpendicular to the BTO c-axis (or z-axis)
so that the applied voltage creates an electric
field along the y or x axes to make use of the
r42 (or 151) parameter; this would be very
challenging because it would necessitate
creating a buried electrode bencath the
substrate. According to a preferred
embodiment, however, with the c-axis (or z-
axis) of BTO in the out-of-plane direction,
electrodes can be placed laterally to make the
best use of the r42 (or r51) parameter.

The main limitation of the speed of
modulation in any long modulator is creating
a match between the electrical mode
propagating along the electrodes, and the
optical modes propagating in the adjacent
waveguide. Ideally, these modes should
propagate at the same speed. In both
configurations according to example
embodiments (polarization modulation as
Mach-Zehnder-based  phase

modulation), electrode length has been

well as

calculated to be much shorter than that in
other modulators such as those used in
traditional  lithium  niobate  external
modulators. This will yield lower driving
reduced modulator

voltages, lengths,

improved modulation speed, or a
combination of all three properties. Although
the Mach-Zehnder modulator configuration
in BTO will still work in a superior way to
the Mach-Zehnder

traditional lithium niobate waveguide, the

configuration in a

polarization modulator  configuration
according to a preferred embodiment can
achieve rotation of polarization by 90
degrees within a much shorter propagation
length than that of & phase shift in a Mach-

Zehnder modulator

Embodiments of the present invention can provide for:
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The use of DSO as the substrate for BTO growth, with small lattice mismatch and a refractive
index much lower than that of BTO.

The design of a high bandwidth modulator,
The fabrication that allows the low-loss etching of BTO,
A large electro-optic coefficient and a high 3-dB band width being achieved.

The above description of illustrated embodiments of the systems and methods is not intended
to be exhaustive or to limit the systems and methods to the precise forms disclosed. While
specific embodiments of, and examples for, the systems components and methods are described
herein for illustrative purposes, various equivalent modifications are possible within the scope
of the systems, components and methods, as those skilled in the relevant art will recognize.
The teachings of the systems and methods provided herein can be applied to other processing
systems and methods, not only for the systems and methods described above.

The elements and acts of the various embodiments described above can be combined to provide
further embodiments. These and other changes can be made to the systems and methods in light
of the above detailed description.

In general, in the following claims, the terms used should not be construed to limit the systems
and methods to the specific embodiments disclosed in the specification and the claims, but
should be construed to include all processing systems that operate under the claims.
Accordingly, the systems and methods are not limited by the disclosure, but instead the scope
of the systems and methods is to be determined entirely by the claims.

Unless the context clearly requires otherwise, throughout the description and the claims, the

nn i

words "comprise,” "comprising," and the like are to be construed in an inclusive sense as
opposed to an exclusive or exhaustive sense; that is to say, in a sense of "including, but not
limited to." Words using the singular or plural number also include the plural or singular

above,” "below," and
words of similar import refer to this application as a whole and not to any particular portions

number respectively. Additionally, the words "herein,” "hereunder,
of this application. When the word "or" is used in reference to a list of two or more items, that

word covers all of the following interpretations of the word: any of the items in the list, all of
the items in the list and any combination of the items in the list.

14



CLAIMS
1. A structure for an optoelectronics platform comprising:
a substrate, and

a BaTiOgz, BTO, film deposited on a surface of the substrate and having a thickness
suitable for single mode operation with one or more possible polarization configurations with
optical confinement in the BTO film at a wavelength range of operation from 400nm to
1625nm;

wherein the substrate provides vertical refractive index confinement in a direction
perpendicular to the surface of the substrate for the single mode operation optical confinement
in the BTO film at the wavelength range of operation; and

wherein the substrate comprises one of a group consisting of Lag.3Sro.7Alo.65Ta0.3503
(LSAT), LaSrAlO4 (LSAO), DyScOs3, GdScOs, SmScOs, ThScOs, NdScO3, HoScOs, ErScOsg,
TmScO3, YbScO3, LuScOgz, PrScOs, LaScO3z, YScOa.

2. The structure of claim 1, wherein the BTO is in a relaxed state in which the strain is
partially or fully relaxed from a fully strained BTO crystal.

3. The structure of claims 1 or 2, wherein the BTO film is formed into a BTO waveguide
on the surface of the substrate.

4. The structure of claim 3, wherein the BTO waveguide is in the form of a BTO rib
waveguide on the surface of the substrate.

5. The structure of claims 3 or 4, incorporated into a Mach-Zehnder modulator
configuration.

6. The structure of any one of claims 3 to 5, further comprising an electrode formed on
the surface of the substrate on each side of the BTO waveguide.

7. The structure of any one of claims 3 to 6, further comprising a polarization filter at an
output end of the BTO waveguide.

8. The structure of claim 7, wherein the BTO waveguide is configured such that an electric
field can be applied along an axis perpendicular to the c-axis of the BTO waveguide for
controlling polarization of light propagating in the BTO waveguide with a polarization in plane
oriented to be the same as the axis perpendicular to the c-axis.

9. The structure of claim 8, incorporated a polarization-based light modulator.

10. A method of fabricating a structure for an optoelectronics platform, the method
comprising the steps of :

providing a substrate, and
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depositing a BaTiO3, BTO, film on a surface of the substrate and having a thickness
suitable for single mode operation with one or more possible polarization configurations with
optical confinement in the BTO film at a wavelength range of operation from 400nm to
1625nm;

wherein the substrate is chosen to provide vertical refractive index confinement in a
direction perpendicular to the surface of the substrate for the single mode operation optical
confinement in the BTO film at the wavelength range of operation; and

wherein the substrate comprises one of a group consisting of Lag3Sro.7Alo.65Tao 3503
(LSAT), LaSrAlO4 (LSAO), DySc03, GdScO3, SmScO3, ThScO3, NdScOs, HoScOs, ErScOs,
TmScOs, YbScOs, LuScOgz, PrScOs, LaScOs, Y ScO:s.

11.  The method of claim 10, wherein the BTO is deposited to be in a relaxed state in which
the strain is partially or fully relaxed from a fully strained BTO crystal.

12.  The method of claims 10 or 11, wherein the BTO film is formed into a BTO waveguide
on the surface of the substrate.

13. The method of claim 12, wherein the BTO waveguide is formed as a BTO rib
waveguide on the surface of the substrate.

14.  The method of claims 12 or 13, comprising incorporating the structure into a Mach-
Zehnder modulator configuration.

15.  The method of any one of claims 12 to 14, further comprising forming an electrode on
the surface of the substrate on each side of the BTO waveguide.

16.  The method of any one of claims 12 to 15, further comprising providing a polarization
filter at an output end of the BTO waveguide.

17.  The method of claim 16, further comprising configuring the BTO waveguide such that
an electric field can be applied along an axis perpendicular to the c-axis of the BTO waveguide
for controlling polarization of light propagating in the BTO waveguide with a polarization in
plane oriented to be the same as the axis perpendicular to the c-axis.

18.  The method of claim 17, comprising incorporating the structure into a polarization-
based light modulator.

19.  The method of any one of claims 10 to 18, further comprising the steps of:
depositing a first mask layer on the BTO film;
depositing a resist layer on the first mask layer;
patterning the resist layer;

developing the resist layer to form a second mask layer;
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removing portions of the first mask layer not covered by the second mask layer so as to
provide a double-layer mask for processing of the BTO film.

20.  The method of claim 19, wherein the first mask layer comprises a metal, such as
chromium.

21.  The method of claim 20, wherein the metal layer is deposited via electron beam
evaporator.

22.  The method of any one of claims 19 to 21, wherein the resist layer is patterned via
electron beam lithography.

23.  The method of any one of claim 19 to 22, wherein the portions of the first mask layer
are removed by wet etching.

24.  The method of any one of claims 19 to 23, further comprising the processing of the
BTO film.

25.  The method of claim 24, wherein the further processing comprises ion milling, RIE
etching or ICP etching.
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