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Fabrication of Low Loss Lithium Niobate Rib
Waveguides Through Photoresist Reflow

Karan Prabhakar

Abstract—We present lithography and argon plasma etching of
lithium niobate on insulator (LNOI) rib waveguides using reflowed
photoresist etch masks and 405 nm photolithography. Melting the
photoresist at temperatures greatly exceeding its glass transition
temperature while minimizing feature distortion through photore-
sist adhesion control reduces sidewall surface roughness and allows
the photoresist to be used both as the pattern mask and the hard
etch mask. Waveguide sidewall surfaces exhibiting sub-nm root
mean square roughness are fabricated. Dependence of sidewall
roughness and angle on feature width, and propagation loss on ther-
mal annealing of the fabricated devices is characterized. Measured
quality factors on fabricated microresonators exceed one million.
LNOI rib waveguides and resonators with low propagation loss
increase nonlinear optical conversion efficiencies and are useful for
efficient electro-optic modulation. Photolithography compatible
fabrication of low loss LNOI photonic integrated circuits facilitates
scalable commercialization.

Index Terms—Lithium niobate, lithium niobate on insulator
(LNOI), microresonators, photonic integrated circuits, waveguides.

1. INTRODUCTION

ITHIUM niobate (LN) is a nonlinear optical material

widely used for applications in optical frequency conver-
sion, optical modulation, and quantum information science. The
thin film lithium niobate on insulator (LNOI) platform has seen
extensive use over the past decade to demonstrate compact on-
chip devices such as second harmonic generators, optical para-
metric oscillators, electro-optical modulators, entangled photon
sources, and frequency combs [1], [2], [3], [4], [5]. [6], [7], [8],
[9]1, [10], [11], [12]. Systems utilizing LN benefit from the wide
transparency range of the material which spans from ultraviolet
to mid infrared [13]. On chip integrated LNOI waveguides
enable efficient nonlinear optical conversion by virtue of high
modal field overlap between interacting optical modes [3]. Large
optical intensities inside these waveguides can be obtained with
low powers as optical mode sizes of less than 1 um? are possible
on the LNOI platform. Moreover, electro-optical modulators can
be designed with a high overlap of the interacting microwave
and optical modes allowing for operation of these devices at
low voltages [5], [7]. The ability to fabricate thin film LNOI on
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silicon substrates has also opened avenues for hybrid integration
of electronic and optical devices [14], [15], [16].

On-chip LNOI waveguides primarily utilize strip loading
or etched rib structures for optical waveguiding. Strip loading
with a similar refractive index material such as silicon nitride
allows for defining waveguides without etching the LN [17],
[18], [19]. However, this results in a fraction of the optical
modal power to reside in the strip material which lowers optical
conversion efficiencies in processes that benefit from the optical
nonlinearity of LN, while requiring the deposition and etching of
the strip material. Moreover, LNOI strip loaded waveguides can
produce excess propagation loss if the strip material has higher
optical absorption than LN. Rib waveguides, on the other hand,
allow efficient nonlinear processes but require smooth etched
sidewalls for low scattering losses.

The primary source of optical propagation loss in LN rib
waveguides is attributed to optical scattering by rough etched
sidewalls. Etching rib waveguiding structures in LN is a chal-
lenging process. Wet etching using HF and HNO3 can be used
to pattern waveguides, but due to the anisotropic etching rates
along different crystal axis wet etching is best suited to Z-cut
films, since the highest etching rate is along the crystal Z-axis
[20]. Reactive ion etching (RIE) based processes are suited to
all crystal orientations, however, using fluorine and chlorine
based etch chemistries leads to excess roughness due to reaction
byproduct redeposition which is difficult to remove using chem-
ical cleaning [21]. Physical etching processes, such as Ar plasma
etching and chemical mechanical polishing (CMP), have been
shown to achieve the lowest sidewall roughness as redeposited
material can be removed.

To date, waveguide patterning techniques to fabricate low
loss LNOI waveguides include electron beam lithography (EBL)
with electron beam resists followed by Ar plasma etching [22],
[23], focused ion beam (FIB) lithography [24], CMP [25],
[26], [27], and photolithography assisted chemical mechanical
etching (PLACE) [28], [29], [30]. While methods such as EBL
followed by Ar plasma etching, or FIB, can produce low sidewall
roughness, they are less suited for full wafer patterning due
to sequential writing. CMP processing also results in smooth
sidewalls, however, when compared to plasma etching, CMP
processes result in lower within-wafer and wafer-to-wafer film
etching uniformity [31].

EBL, CMP, PLACE, and photolithography require metal
masks or hard etch masks, such as Si and SiO; [32], [33]. These
masks improve etch or polish selectivity since physical etching
processes like CMP and Ar plasma etching show little material
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Fabrication of LN rib waveguides using photoresist reflow. (a) clean and HMDS prime of substrate, (b) spin coat of PR, (c) exposure and development

followed by O2 plasma ashing, (d) reflow of PR at high temperature, (e) etch via Ar plasma etching, and (f) deposition of cladding. Optical micrograph of bus
coupled ring resonator showing (g) restrained PR reflow resulting in clear definition of bus-ring gap, and (h) unrestrained PR reflow resulting in defects. SEM
images of LN waveguides etched (i) without, and (j) with the reflowed PR showing improvement in sidewall roughness.

selectivity. The need for metal or hard etch mask layers increases
processing steps while adding the possibility of material contam-
ination, in particular metal contamination, on waveguides which
can lead to excess losses.

While it has been demonstrated that high temperature pho-
toresist (PR) reflow conducted inside a plasma environment can
lead to an improvement in sidewall roughness when etching
AlGaAs waveguides using RIE [34], it is unknown if a sufficient
increase in PR hardness can be obtained to allow physical etching
processes such as Ar plasma etching. PR reflow is also rou-
tinely used to fabricate smooth microlens arrays [35]. However,
thermal PR reflow process to form microlens or waveguides is
susceptible to boundary migration due to uncontrolled reflow
leading to lateral spread of features.

In this work, we present an alternative waveguide patterning
method using photolithography and high temperature photore-
sist reflow to plasma etch rib waveguides in LNOI with a
positive tone PR mask. We demonstrate that high temperature
melting of the PR, while mitigating the lateral spread of fea-
tures using surface energy discontinuities on the LN surface,
achieves sufficient increase in physical etching resistance and
improvement in sidewall roughness to act as a hard mask. Our
technique produces plasma etched surfaces with sub-nanometer
root mean square (rms) roughness similar to those obtained
via CMP and PLACE [25]. We also show that 405 nm h-line
photolithography with a resolution limit of 0.5 pm is com-
patible with our methods. Measurements from ring and disc
resonators fabricated using this technique show intrinsic and
loaded quality factors (Qp and Qp,, respectively) exceeding
one million. The technique reduces the processing steps and
method complexity while also being compatible with full wafer
processing.

II. FABRICATION

The fabrication of the rib waveguides is conducted on com-
mercial X-cut LNOI (NanoLLN). The LN film, SiO5 insulator,
and Si handle substrate thicknesses are 400 nm, 4.7 pm, and
500 pm, respectively. For experiments, a 4” LNOI wafer is diced

into square substrates with side length of 1 cm. Fig. 1(a)(f)
shows the process flow for the fabrication of waveguides and
resonators.

A. Lithography and Mask Definition

AnLNOI substrate is initially cleaned using solvents and SC-1
solution (one-part NH4OH, one-part HyO3, and five parts DI
water). The substrate is then primed with a hexamethyldisilazane
(HMDS) monolayer in a vacuum oven at 150 °C. Proper cleaning
and uniform priming is important for defect free PR development
and reflow. A PR (SPR-955 CM-0.9) layer of thickness 740 nm
is spin-coated next. Rib waveguide patterns are exposed and
developed on the substrate using a 405 nm pholithographic
maskless aligner (Heidelberg MLA 150). A dose of 90 mJ/cm?
was used for exposure and Microposit MF-CD-26 developer was
used for development. The patterned PR features are subjected
to low power (45 W) O plasma ashing for 4 minutes to remove
PR and HMDS residue and expose a clean LN surface on the
bare regions of the sample. The Oy plasma ashing only etches
about 5 nm of the PR layer. Next, an optimized PR reflow is
conducted in a N> ambient at 200 °C. The samples were loaded
into an oven at 100 °C, ramped to 200 °C in 30 minutes, held
at 200 °C for 10 minutes and ramped down to 100 °C in 30
minutes and unloaded. After the reflow, an 8% decrease in PR
film thickness is observed. An illustration of the PR cross-section
after the reflow is shown in Fig. 1(d).

A restrained and defect free PR reflowed mask for a ring
resonator in a pulley style coupling configuration is shown in
Fig. 1(g). The width of the coupling gap between the bus wave-
guide and the ring waveguide is 0.5 pm as and appears as pink in
color in the figure. Note, the resolution limit of our lithography
is also 0.5 pm. The bus waveguide width is 2.5 pm and the
ring resonator waveguide width is 5 pm, both appearing grey
in color in the figure. Multimode waveguides were fabricated to
reduce interaction of the modal electric field with the sidewalls.
Upon omitting the plasma ashing step, we observe defects in the
coupling region due to the merger of the bus and ring waveguides
as shown in Fig. 1(h). Low power plasma ashing in Oy ambient
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Optical micrographs of fabricated (a) ring and (b) disc resonators. Perspective-view AFM scans of the (c) ring and (d) disc coupling regions showing

smooth resonator sidewalls. Red boxes on the AFM scan denote unetched surface, etched sidewall, and etched surface from left to right. Top-view AFM scans of
(e) unetched surface, (f) etched surface, and (g) etched sidewall surface with rms roughness of 0.26 nm, 0.30 nm, and 0.49 nm respectively.

removes residual PR and HMDS from the unpatterned regions
of the LN surface restraining the reflow of PR features to within
the patterned regions. In the absence of O3 plasma ashing step,
PR and HMDS residue between features that are closely spaced
together causes features to merge during the high temperature
reflow process since the viscous PR can bridge across the gap
aided by residue. Along isolated waveguides, the residue can also
lead to reflow that produces ripples along the mask, similar to
undulations observed using thermal photoresist reflow methods
for waveguides fabricated on AlGaAs substrates [34].

B. Waveguide Efching

The rib waveguides are defined using Ar plasma etching.
The samples are etched in 5 mTorr pressure in an inductively
coupled plasma — reactive ion etching (ICP-RIE) tool at 19 °C.
The samples are cooled inside the tool using backside helium
cooling. Argon flow rate of 50 SCCM is used. A bias power of
150 W and ICP power of 300 W is utilized, and a temperature
of 19 °C is maintained. An LN etch rate of 30 nm/min was
observed along with an etch rate of 57 nm/min for the reflowed
PR. Without the reflow, the PR shows a higher etch rate of
71 nm/min. The LN thin film is etched to a depth of 240 nm
to define the ribs. After Ar plasma etching, the residual PR
cannot be removed using solvent cleaning, hence SC-1 cleaning
at 70 °C for 60 minutes is needed to remove the PR residue
completely. The samples are then finally cleaned in Oy plasma
in an ICP-RIE tool at low power before deposition of 1.5 pm of
silicon oxide (SiOy) cladding using plasma enhanced chemical
vapor deposition (PECVD). To allow edge coupling using lensed
fibers for optical measurements, the sample edges are trimmed
by dicing and polished using a mechanical polisher.

Ring resonators with radii 100 pm and 150 pm were fabri-
cated using this process. Fig. 2(a), (b) show the fabricated ring
resonators with radius 100 pm and a rib waveguide base width of
5 pm and 50 pm, respectively. Resonators with the waveguide
width of 50 pm behave as disc resonators since they support

whispering gallery modes and are referred to as disc resonators
in the remainder of the text.

For a given LN thin film thickness, the height of the waveg-
uiding rib structure is an important parameter since weakly
guided modes with low rib heights will cause excessive bend
loss. Moreover, low rib heights can lead to an additional loss
mechanism wherein the rib guided quasi-TE mode couples into
a higher effective index slab TM mode [36]. Computational
electromagnetic modeling using finite difference method shows
that rib heights of 240 nm are sufficient to avoid excessive
bending loss as well as slab mode coupling losses. Pulley-style
evanescent field coupling excitation is chosen for the resonators
since computational modeling shows that long coupling lengths
are required at 1550 nm wavelength for 0.5 pm coupling gap.

C. Metrology and Fabrication Results

High temperature baking of the PR improves etch resistance
to physical etching processes. For Ar plasma etching, the etch
selectivity improves from 1:2.4 to 1:1.9 (LN:PR) indicating
increased hardness, consistent with the observation of reduc-
tion in PR thickness with high temperature reflowing. During
optimization of the PR reflow process, maximum temperatures
are limited to 200 °C to avoid graphitization of the PR. SPR-955
is a cresol novolak polymer-based PR (note, the manufacturer
recommendation for a hard bake is 120 °C). At temperatures
of over 150 °C, organic polymer-based PR outgases HoO, CO,
and CO; which leads to an increase in the density of the film
[37], however, higher temperatures may cause excessive graphi-
tization through pyrolysis induced aromatization of the polymer
[371, [38], [39], making removal of the PR residue after plasma
etching challenging using SC-1. We also note that it has been
demonstrated in literature that after high temperature baking at
220 °C, the PR can exhibit exceptional resistance to polishing
processes such as CMP, even exceeding the polishing resistance
of SiO5 [40]. This implies that our process may also be used to
pattern waveguides using CMP without requiring an additional
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AFM images showing LN rib sidewall profiles and angles for different waveguide rib widths. The rib widths are (a) 1.6 pm, (b) 2.5 pm, (c) 5 pm, and

(d) 50 pm. (e) Measured dependence of sidewall angle and sidewall surface roughness on the waveguide width. Lines are exponential fits to data.

metal or a hard mask layer while solely relying on the reflowed
PR as the polishing mask.

The PR reflow process at elevated temperatures is susceptible
to boundary migration due to uncontrolled reflow [35]. Uncon-
trolled reflow may occur because of low mismatch of surface
energies of the surface on which the PR is patterned and the
surface devoid of any PR. In such cases, similar wettability
is seen across the whole sample and the PR boundary can
migrate with little change in free energy [41]. In our experiment,
we introduce a discontinuity in the surface energies at the PR
boundary. Since LN is mildly hydrophobic [42], and HMDS
is an adhesion and wettability promoter for PR, by removing
the residual HMDS layer and PR residue from the unpatterned
regions using Og plasma treatment, a clean LN surface is ex-
posed. As a result, upon high temperature PR reflow, the melted
PR stays confined to the patterned regions on top of the HMDS
layer to maintain the least amount of free energy and does not
spread laterally.

Scanning electron microscopy (SEM) of the etched waveg-
uides shows significant improvement in the sidewall roughness
with the reflowed PR hard mask. Etched LN rib waveguides
without and with the reflowed PR are shown in Fig. 1(i) and (j),
respectively. Reduced sidewall roughness can be seen with the
reflow. Surface characterization using atomic force microscopy
(AFM) in Fig. 2(c)—(g) shows that smooth sidewalls and etched
surfaces exhibiting sub-nm surface roughness are obtained using
our process and sub-pm coupling gaps are clearly defined. The
etched surface roughness is 0.30 nm [Fig. 2(f)], only a marginal
increase from the unetched surface roughness of 0.26 nm
[Fig. 2(e)] measured over an area of 3 ym x 3 pm. Sloped
sidewalls also allow direct measurement of surface roughness
using AFM. A sidewall surface roughness of 0.49 nm is ob-
served on the disc resonator sidewalls measured over an area of
0.5 pm x 0.5 pm.

We also observe different sidewall characteristics for different
waveguide widths. Dependence of LN waveguide sidewall angle
is characterized in Fig. 3. During the high temperature reflow
process, the PR becomes flowable albeit viscous and possesses
a characteristic surface tension. Contact angle of the viscous PR
is therefore a function of the waveguide width leading to differ-
ent sidewall angles upon hardening when cooled [43]. Highly
sloped sidewalls are measured on larger feature widths and vice
versa. Sidewall surface roughness is observed to decrease with
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Fig. 4. Measurement setup showing the device chip on a stage with inset
showing the fiber to chip coupling using lensed fibers.

increasing waveguide widths. Sidewall rms roughness of
0.49 nm on the 14° sidewall almost approaches that of the
etched surface roughness while higher roughness is observed
on waveguides with larger sidewall angles. As an additional
design control parameter, the PR’s surface tension may also be
fine-tuned to obtain different sidewall angles.

ITI. OpPTICAL CHARACTERIZATION

Optical measurements on the fabricated devices are conducted
to characterize the Q factors and propagation loss. The mea-
surement setup is shown in Fig. 4. Transmission response of
the resonators is measured by sweeping the laser wavelength in
time and recording the transmitted power via a photodiode on
an oscilloscope. Upper limit of the propagation loss is found by
using the measured FSR and fitting the resonance’s wavelength
dependent transmission data to the analytical transmission re-
sponse for a resonator [44].

Thermal annealing of a fabricated ring resonator with radius
100 pm is conducted to study the change in Q;, propagation
loss, thermal budget, and optimum annealing temperature of
the fabricated devices. The sample is annealed for 12 hours
at different temperatures in an ambient air environment. Im-
provement in Qp of the resonator is observed with increasing
annealing temperatures up to 550 °C. Fig. 5(a) shows that Q can
more than double the original value after annealing at 550 °C.
We attribute this improvement in Q; to the reduction in optical
absorption by the silicon oxide cladding. At temperatures over
400 °C, it is known that hydrogen impurities outgas from SiOy
deposited using PECVD, thereby reducing the concentration of
Si-H bonds and improving transmission [45]. Upon annealing
at temperatures higher than 550 °C, Qs is seen to reduce, and
propagation loss increases. We believe that the increased film
stress at these higher temperatures leads to nanometer-scale and
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Fig. 5. (a) Effect of annealing temperature on quality factor and propagation
loss of a ring resonator with 100 pm radius and 5 pm waveguide width. Optical
micrographs of (b) microcracking of LN ribs at 950 °C and (c) cracking of SiOyx
cladding along the ribs at 1200 °C.

micrometer-scale cracks in the LN thin film devices thereby
increasing optical scattering losses. At temperatures of over
900 °C, micrometer-scale cracking of the LN thin film devices
is visible using an optical microscope as shown in Fig. 5(b). For
annealing temperatures exceeding 950 °C, a spectral response
from the devices can no longer be measured indicating catas-
trophic cracking of the devices. At an even higher temperature
of 1200 °C, the SiOy cladding along most of the waveguiding
ribs is seen to crack as shown in Fig. 5(c). Thermal annealing of
the fabricated resonator also reveals the devices may be used in
temperatures of up to 550 °C without causing damage which can
be useful to obtain phase matching in nonlinear optical processes
over a large temperature range.

Microresonators with radius 150 pm annealed to 550 °C in an
O ambient exhibit the highest Q factors and lowest propagation
loss. Oy ambient was chosen to minimize film stress related
microcracking on the devices since it been shown to improve
stress stability of the SiOy films deposited using PECVD [46]. Qg
and Qr, in excess of one million are measured on the resonators
as shown in Fig. 6(c, d), which show the measured transmission
spectrum around the resonances of the ring and disc resonator,
respectively. A Q; of 1.5 x 10° was measured (Qr, = 8.1 x 10°)
at 1557.31 nm, which corresponds to a propagation loss of
0.14 dB/cm (upper limit) on the ring resonator. FSR of 1.41 nm s
measured for the ring mode from the spectral response shown in
Fig. 6(a). On the disc resonators, a higher Q; of 2.0 x 10° is mea-
sured (Qr, = 1.1 x 10°) at 1548.70 nm, which corresponds to a
propagation loss of 0.11 dB/cm (upper limit). A FSR of 1.41 nm
is measured for the disc from the spectral response shown in
Fig. 6(b). While the resonators are multimode, we observe a
consistent FSR in the resonators indicating that the same mode
is present in the wavelength range of interest. Resonators were
observed to be critically coupled at the points of measurement.

6660808

We also note that by over coupling the ring resonator us-
ing a cladding material with a slightly higher refractive in-
dex, broadband operation can be obtained with high resonance
extinction ratios throughout the entire measured wavelength
range as shown in Fig. 6(e). Broadband, almost single mode, op-
eration is obtained for a ring resonator cladded witha PR (S1813)
which exhibits a refractive index of approximately 1.60 at
1550 nm. Such a response is beneficial for uniform and high-
quality multiwavelength switching and modulation in photonic
networks [47]. Over coupled ring resonators have also been used
to improve performance of add/drop filters and demonstrate fast
light [48], [49], [50].

IV. RESULTS AND DISCUSSION

Process development, metrology, and optical measurements
reveal that by using our method, we can fabricate smooth rib
waveguiding structures with low propagation losses and res-
onators exhibiting Q; of more than 10° using photolithography.
By reflowing the PR at 200 °C, an Ar plasma etching selectivity
of 1:1.9 (LN:PR) is obtained enabling sufficient rib etching
depths. Surface AFM characterization shows that waveguides
with a rib width of greater than 5 pm can be fabricated with
sub-nm sidewall surface roughness. Resonators with 50 pm
waveguide rib width show slightly better Q factors than res-
onators with 5 pm waveguide rib width. This is primarily because
we measure lower sidewall surface roughness as waveguide
width is increased. The sidewall angle can also be controlled
by varying the feature width, useful for dispersion engineering.
A further control over the waveguide’s geometry, especially
the sidewall angle may be obtained through tuning the PR’s
viscosity at high temperatures. We note, sloped sidewalls and
methods to obtain different slopes have also been proposed using
CMP by changing the polishing time [26]. Sidewall angles and
etched sidewall surface roughness obtained using our process are
very similar to those obtained using CMP or PLACE processes
demonstrated on LN [25].

While Q factors more than 10° are already sufficient for many
applications on the LNOI platform, we believe that the propa-
gation loss in our resonators is limited by the optical absorption
in the SiOy cladding layer deposited by PECVD. Significant
E-field strength outside the 400 nm thick LN rib waveguides
makes the propagation loss highly dependent on the cladding
properties. This is indicated by the strong dependence of Q
with thermal annealing due to improvement in the transmission
of the SiO, cladding. Uncladded resonators utilizing channel
waveguides with similar sidewall angles and surface roughness
can exhibit Q factors over 107 [25]. We expect similar Q factors
on our resonators without a cladding, translating to a magni-
tude of order lower propagation loss, however, limited by the
lithography resolution of 0.5 um, sufficient evanescent coupling
between the bus and the resonators could not be established
on uncladded resonators. Deep ultraviolet lithography may be
used in the future to remove this limitation on the resolution
and reduce the coupling gap. As demonstrated, while thermal
annealing at 550 °C can increase the Q factors more than
two-fold, researchers have shown that even higher temperatures
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resonator with 5 pm base waveguide, 240 nm rib height, and 400 nm LN film
thickness.

exceeding 1100 °C may be required to significantly reduce (by
87%) hydrogen impurity concentration in SiOy deposited using
PECVD [51]. However, annealing at these high temperatures
cannot be implemented on our devices since temperatures of
more than 600 °C are observed to cause damage.

The rib sidewall angles demonstrated are shallow, however,
they do not significantly contribute to the bending loss of our
resonators as shown by electromagnetic simulations using finite
difference method in Fig. 7. Simulated first order quasi-TE mode
profiles plotting the magnitude of the transverse electric field
([Ex)) in the bent ring and disc resonators of radius 150 pm are
shown in Fig. 7(a, b). Ring resonators with bending radii as small
as 30 pm may be fabricated with acceptable excess bend loss as
shown in Fig. 7(c). Simulated effective indices in Fig. 7(d) also
show that the effective index of the bent mode approaches that

of the straight waveguide for large radii but increases for small
radii implying higher mode confinement towards the periphery
of the resonators.

V. SUMMARY AND CONCLUSION

We demonstrate the fabrication of thin film LNOI microres-
onators exhibiting intrinsic and loaded Q factors of over one
million using 405 nm photolithography and a PR reflow method
suitable for etching smooth LN rib waveguides through physical
Ar sputtering. Reflowing the PR at temperatures greatly ex-
ceeding its glass transition temperature reduces sidewall surface
roughness and increases etching resistance allowing it to be used
both as the pattern mask and the hard etch mask. Waveguide side-
wall surfaces with rms roughness as low as 0.49 nm are obtained
using Ar plasma etching. Propagation losses of 0.11 dB/cm are
demonstrated in the infrared C-band telecom range. Dependence
of sidewall angle and sidewall surface roughness on waveguide
width is characterized and the effects of thermal annealing on the
propagation loss of silicon oxide cladded waveguides are also
investigated. Fabricated devices exhibit a large thermal budget,
allowing them to be heated up to 550 °C, useful for tuning or
biasing, nonlinear optical or electro-optic devices respectively.
Simulated bending loss suggests that the propagation loss of
the fabricated ring resonators approaches that of a straight
waveguide.

LNOI microresonators with Q factors of one million have
been used to demonstrate highly efficient nonlinear optical pro-
cesses [1], [10], while low loss rib waveguides find use in high
performance electro-optic modulators [5], [6]. PR reflow may
also be applied to other photonic platforms such as SiN, InP, SiC,
and GaN which also benefit from low loss integrated waveguides
and high Q factor microresonators. Additionally, the reflowed
PR etch mask may exhibit a similar polishing resistance to that
of 8i0; [40], suggesting that the etch mask preparation method
may also be used to pattern waveguides using CMP without
requiring an additional hard mask layer, further simplifying the
existing PLACE method.
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