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ABSTRACT

The design, fabrication, and characterization of a silicon nitride waveguide polarization rotator and polarization beam splitter that operate
with a polarization extinction ratio (PER) of ~30 dB at the rubidium atomic transition of 780 nm wavelength are demonstrated. These polar-
ization devices are fabricated on the same chip using a self-aligned process for integration of the rib and ridge waveguide structures. The
polarization rotator is based on the mode evolution approach using adiabatic tapers and demonstrates a PER of >20 dB over a 100 nm band-
width (730-830 nm wavelengths) with an insertion loss (IL) <1 dB. The polarization beam splitter is based on a cascaded tapered asymmetric
directional coupler with phase matching between the fundamental and higher order TM modes, whereas the TE mode is separated by the
through port. This provides a PER > 20 dB with IL < 1 dB over a 50 nm bandwidth for the cross port and a PER > 15 dB with an IL < 1 dB over
an 18 nm bandwidth for the through port. These polarization control waveguide devices will enable photonic integrated circuits for saturated
absorption spectroscopy of atomic vapors for laser stabilization on-chip.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/).

I. INTRODUCTION

Quantum technologies are benefiting from the size, weight,
power, and cost reduction provided by silicon technology. A recent
example is the commercially available chip-scale atomic clock, which
utilized silicon MEMS to produce millimeter-sized vapor cells.
Research has now intensified on even smaller form factors and
higher performance systems by leveraging photonic integrated cir-
cuits (PICs). For quantum systems based on thermal or cold atoms,
such as Rb, silicon nitride (Si3sN4) waveguides provide low loss
propagation’ and high-Q ring resonators.

Si3Ny waveguides have recently demonstrated saturated
absorption spectroscopy of Rb atoms using extreme mode-
converting apodized gratings® and atomic-cladding waveguides.
In each of these approaches, however, the laser and circuitry for
stabilization were off-chip. Saturated absorption spectroscopy is a
technique where a counter-propagating pump and probe beam from
the same laser are used to deplete the zero-velocity ground state of
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atoms and reveal absorption dips that approach the natural line-
width of the atomic transition. This provides a Doppler-free feature
for laser stabilization with thermal atoms.

shows a schematic diagram of an envisaged SizNy4
PIC for saturated absorption spectroscopy. This includes dis-
tributed feedback (DFB) lasers coupled to SisN4 waveguides using
a spot-size converter (SSC),” SizNy polarization rotator (PR) and
polarization beam-splitter (PBS), Rb vapor MEMS cell, and Si
photodetectors (PD). Utilizing a PR and PBS arrangement can
create the required counter-propagating pump and probe with
the advantage that the pump can be filtered from returning to
the laser.” The pump and probe ratio could also be controlled
by using a thermo-optically tuned splitter’ at the input rather
than a passive beam-splitter. Polarization control components are
also essential for quantum communications sub-systems including
quantum key distribution transmitter and receiver chips as well
as repeaters.

7,046101-1
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FIG. 1. A schematic diagram of a photonic integrated circuit for saturated absorp-
tion spectroscopy of rubidium atoms on-chip using SizNs waveguides. The key
components include a SizN4 waveguide polarization rotator (PR) and a polariza-
tion beam splitter (PBS), a distributed feedback laser (DFB), a Rb vapor MEMS
cell, and photodetectors (PD).

PR and PBS waveguide devices have been extensively stud-
ied for creating polarization-insensitive PICs on the silicon-on-
insulator (SOI) platform at telecommunication wavelengths.'” With
the current drive to combine SOI with the passive and non-
linear performance of SizNy4'’ there have been recent PR!*P
and PBS demonstrations.'” " Among these works, the smallest
wavelength demonstration has been a PBS operating within the
O-band (1260-1360 nm).”’ It is challenging to achieve small-
footprint, high-performance SizN4 polarization devices due to the
lower refractive index and birefringence compared to SOI It is,
therefore, surprising that there have not been to date any demon-
strations below the absorption band-edge of Si, where SizNy4 has
a clear advantage. Shorter wavelength operation would also pro-
vide better compatibility with a number of single photon emit-
ter sources,”* underwater transmission applications,” and some
free space transmission systems, such as those using satellites for
quantum communications.”®

In this work, we present a Si3sN4 PR and PBS operating at the
¥Rb atomic transition of 780.24 nm. These devices are fabricated
together on the same chip using a simple self-aligned process to inte-
grate the required rib and ridge waveguide structures. The polariza-
tion rotator based on the mode evolution approach using adiabatic
tapers demonstrates a polarization extinction ratio (PER) of >20 dB
over 100 nm bandwidth with an insertion loss (IL) < 1 dB. The
polarization beam splitter is based on a cascaded tapered asymmet-
ric directional coupler and provides a PER > 20 dB and insertion loss
< 1 dB over 50 nm bandwidth for the cross port and a PER > 15 dB
with an IL < 1 dB over an 18 nm bandwidth for the through port.

Il. SELF-ALIGNED ETCH PROCESS FOR SizN,
POLARIZATION ROTATOR AND POLARIZATION BEAM
SPLITTER

The self-aligned fabrication process used to integrate both the
PR and PBS on the same chip is detailed before discussing the
design, modeling, and characterization. A Si3Ny layer of 200 nm
thickness was deposited by low-pressure chemical vapor deposi-
tion (CVD) at 750 °C onto a 4 ym thick SiO, layer. The SiO
was thermally grown by wet oxidation at 1000 °C using a 150 mm
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diameter Si wafer. Integrating rib and ridge waveguide structures
required for the PR and PBS involved patterning with hydro-
gen silsesquioxane (HSQ) electron-beam lithography resist. After
exposure to high-energy electrons, HSQ transitions to a network-
like silica, which can then only be subsequently removed using
hydrofluoric acid (HF).”” This resistance to standard polymer clean-
ing then enables a self-aligned process for multiple etches when
used in conjunction with other photo- or electron-beam resists (see
Fig. S1 of the supplementary material). The rib waveguides were
etched first to a target depth of 150 nm using a mixed gas (SFs
and C4Fg) process.”® Next, to form the ridge waveguides, a poly-
methyl-methacrylate (PMMA) resist layer was patterned to open
windows to etch the remaining SisN4. The PMMA was then sub-
sequently stripped using acetone followed by HSQ removal using
dilute HF (10:1). As there is a significant difference in the etch rate
between thermal SiO, and HSQ with HF, this results in only a few
nanometers of undercutting.”” Finally, a SiO; cladding layer of 1 ym
thickness is added by plasma-enhanced CVD at 300 °C before the
waveguides can be diced using a diamond saw and then optical facets
polished.

lll. SizN, POLARIZATION ROTATOR

There are three main strategies normally employed to real-
ize waveguide polarization rotation devices: rotator waveguides,*’
cross-polarization coupling,”’ and mode evolution.’” The simplest
to implement is the mode evolution approach, where an adiabatic
taper can efficiently convert between TM and TE modes.”” This
approach has the advantage that it is extremely fabrication tolerant
and does not require any additional etching or lithography steps.
To achieve this, an asymmetry has to be induced either vertically
with a change of index and/or horizontally by structure. This can
create supported modes where the dominant and non-dominant
field components are equal. These hybridized modes then allow cou-
pling when they have similar effective modal indices.** In this way,
the waveguide width can be slowly tapered across the hybridiza-
tion point to rotate the polarization. However, this usually results
in a polarization conversion from a fundamental to higher order
mode, requiring a subsequent higher order mode converter. To
maintain symmetric waveguide cladding layers for compatibility, a
cross-sectional asymmetry can be solely introduced by forming a rib
waveguide structure.

A. TMO to TET1 mode conversion

Figure 2 shows the calculated effective modal indices vs width
for a 200 nm thick Si3Ny rib waveguide that has been etched 150 nm
with top and bottom SiO; cladding. It is clear that the supported TEO
and TMO modes are birefringent (An ~ 0.1) and there is an anti-
crossing between the TMO and TE1 modes at a waveguide width
of ~975 nm, which is indicative of mode hybridization. The mode
hybridization can be confirmed by analyzing the polarization ratio.*
An eigenmode expansion solver (EME) was used to model a linear
taper with input and output widths of 925 and 1025 nm, respectively.
The calculated TMO to TE1 polarization conversion efficiency (PCE)
for three different wavelengths vs taper length is shown in Fig. 3(a).
It is clear that, for taper lengths >750 um, there is a PCE of >99%
over an 100 nm bandwidth centered at 780 nm wavelength.

7,046101-2


https://scitation.org/journal/app
https://www.scitation.org/doi/suppl/10.1063/5.0077738

1.72
1.70 N
1.68 I
1.66 I
1.64 I
1.62 I
1.60 I
1.58 I

Effective index (n)

1.56
1.54

1.52

1 " 1 s ] " 1 " 1 " ]

500 600 700 800 900 1000 1100 1200 1300

Waveguide width (nm)

FIG. 2. The calculated effective modal indices vs the waveguide width for the
supported modes in a 200 nm thick SizN4 rib waveguide with a 150 nm etch at
780 nm wavelength. The mode hybridization point is indicated with a dashed circle.

B. TE1 to TEO mode conversion

To provide TE1 to TEO mode conversion, the higher order
mode converters proposed by Chen et al. were utilized.””” This
approach is based on using an asymmetric taper structure that
provides a different effective path length for the anti-phase compo-
nents of the TE1 mode so that both components become in-phase
and a TEO mode is generated at the output. This approach has
recently demonstrated a PR with record bandwidth and fabrication
tolerance.” This was modeled by first optimizing a design that con-
tained only two asymmetric tapers. The input (Wrg;) and output
(Wrgo) width was fixed at 1.2 ym to ensure that the TE1 mode would
be sufficiently far from any mode hybridization region. Wyg, was
subsequently tapered to a width of 500 nm over a short distance
(20 pm) so that any fraction of the TE1 mode not converted would
be cut-off by a waveguide width that only supports a single mode. An
EME solver (Lumerical) combined with a particle swarm optimiza-
tion algorithm’® with the figure of merit being the power transmitted
to the fundamental TEO mode at Wrgy was utilized.”” There were
four parameters initially optimized: W (2.42 ym), L; (11.58 ym), L,
(13.07 ym), and L3 (2.02 ym), which subsequently provided para-
meter bounds for a six asymmetric taper structure with parameters
le (2.12 ‘um), sz (2.82 ‘um), W23 (1.58 ym), L12 (647 ym), L22
(10.64 ym), and L3 (0.2 ym). Figure 3(b) shows the modeled TEI to
TEO conversion efficiency for the optimized two and six asymmetric
taper structures. The six asymmetric taper structure demonstrates a
peak conversion efficiency of ~95% at 780 nm wavelength. There is
>80% conversion efficiency over 150 nm bandwidth (725-875 nm).
The complete waveguide PR design consists of a linear adiabatic
taper (TMO to TE1) followed by an asymmetric taper structure (TE1
to TEO).

C. PR fabrication and characterization

Si3N4 PRs consisting of an adiabatic 750 ym long linear taper
for highly efficient TMO to TE1 mode conversion followed by the
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FIG. 3. (a) The modeled TMO to TE1 mode conversion efficiency vs taper length
(Ty) fora SizN4 rib waveguide that is linearly tapered from an input width (Wmwo)
of 925 nm to an output width (Wrgq) of 1025 nm. The calculated wavelengths
consist of 730, 780, and 830 nm wavelengths. (b) The simulated TE1 to TEO con-
version efficiency for the optimized higher order mode converter consisting of two
or six asymmetric tapers (see text for W and L dimensions) modeled with an eigen-
mode expansion solver (Lumerical). The 1 dB insertion loss point is highlighted by
a dashed line.

optimized six asymmetric taper TE1l to TEO higher order mode
converter were fabricated using the self-aligned process previously
discussed. A surface profiler was used to measure the actual etch
depth achieved for the rib waveguide structure (~160 nm). To enable
straightforward characterization of the IL, the PR was fabricated
onto one arm of a y-splitter (50:50 beam splitter) with the other arm
acting as the reference waveguide. Characterization was then per-
formed using a setup consisting of a titanium sapphire laser (SolsTiS
M Squared Lasers), which is tunable from 730 to 870 nm wave-
lengths with a 50 kHz linewidth. The laser was initially incident upon
a mechanical chopper that was used in conjunction with a lock-in
amplifier to reduce noise from ambient light. The polarization was

7,046101-3
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then precisely set using a polarimeter in combination with a half-
wave plate and a high extinction linear polarizer (60 dB) to ensure
only a TM fundamental mode was excited at the input. End-fire
coupling to the waveguides was then achieved using a high mag-
nification objective lens (40x), producing a ~1 pm diameter spot
size. At the output, another objective lens was used to collect before
the polarization axis of another identical polarizer was adjusted for
the detection of the transmitted TEO and TMO0 modes by a photo-
detector (see Fig. S2 of the supplementary material). The PER and
IL are defined as

TMin — TMuut)
PER = -10 x1 —_— 1
) Oglo( TMin — TEou ( )
and
IL = =10 x log,, (TMyef — TEou). Q)

Figure 4 shows the measured PER and IL as a function of
the wavelength. Over the wavelength range where the IL < 1 dB
(730-840 nm), the PER is >17.5 dB. The PER at 780 nm wavelength
is ~27.5 dB. Above 840 nm, the IL increases, which is most likely
a consequence of the 10 nm over-etch compared to the nominal
design. This device, however, still demonstrates an operational
bandwidth of over 100 nm, which is more than sufficient to be used
in a PIC for atomic vapor applications. The two previous SizNy
demonstrations'*'” that operate at 1550 nm are based on an aug-
mented low-index-guiding (ALIG) structure consisting of a Si3N4/Si
dual-core waveguide. This approach benefits from higher birefrin-
gence but cannot operate below the absorption band-edge of Si.

Insertion Loss
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FIG. 4. The experimentally measured polarization extinction ratio (PER) and
insertion loss (IL) for the fabricated SizN4 waveguide polarization rotator consisting
of a 750 um long linear taper (TMO-TE1) followed by the ~26 um long optimized
six asymmetric taper (TE1-TEOQ) as a function of the wavelength.
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IV. SizN, POLARIZATION BEAM SPLITTER

PBS have been demonstrated on the SizNy platform using
Mach-Zehnder interferometers (MZIs),'”'® multi-modal interfer-
ometers (MMIs),'”*>** and directional couplers (DCs).'**’ DCs
have been the most popular choice on the SOI platform™ with
even basic designs involving coupling between symmetric waveg-
uides providing high PER due to the large geometric birefringence
that can be induced.”” A DC is composed of two parallel waveg-
uides where light can be coupled evanescently from one waveguide
to another by having an appropriate gap spacing and coupling
length. This can provide polarization splitting when there is a sig-
nificant difference in the cross-over lengths for the supported TM
and TE modes. To achieve higher performance and smaller foot-
prints, designs have focused on generating cross-coupling of only
one polarization by utilizing an asymmetric directional coupler
(ADC)."""” This works by having two parallel waveguides of dif-
ferent widths, where one of the supported polarization modes is
prevented from efficiently phase matching. This approach is inter-
esting for the SizN4 platform since it does not provide a high
level of birefringence. Another benefit of an ADC is that it can
allow higher order mode coupling, which provides multiple design
parameters for engineering strong phase matching of only one
polarization.*’

A. TMO to TM1 mode phase matching

Figure 5(a) shows the calculated effective modal indices vs
width for a 200 nm thick Si3Ny ridge waveguide that has both top
and bottom SiO, cladding. It is clear that, for waveguide widths
of 502 and 1300 nm, phase matching (r0 = n,1) can be satis-
fied between the TM0 and TM1 modes at a wavelength of 780 nm.
On the other hand, it can be seen that phase matching does not
occur between the TEO and TE1 modes. An ADC-PBS based on
this approach will selectively cross couple only the TM polarized
guided mode, whereas the TE mode will pass straight through
unperturbed. This guarantees a high PER for the cross-coupling
port but the IL and PER of the through port, which are intrinsi-
cally linked, will be severely compromised for lithography errors
greater than 5 nm (see Fig. S3 of the supplementary material).
One way to make the design more fabrication tolerant is to utilize
slowly width-varying tapered DCs that are less sensitive to coupling
length (L) variations.** Figure 5(b) shows the calculated effective
indices vs width for the supported TM0 and TM1 modes at 730, 780,
and 830 nm wavelengths. The optimum widths for phase matching
between the TM0 and TMI modes at 780 nm do not translate to
the other calculated wavelengths. This effect is more strongly exas-
perated at shorter wavelengths due to the bulk dispersion of Si3Ny.
Therefore, slowly tapering over a range of waveguide widths will
increase the bandwidth and ensure high performance at the center
wavelength.

B. Tapered asymmetric directional coupler

Figure 6(a) shows a top-down schematic diagram of the pro-
posed cascaded tapered ADC-PBS. By tapering the through and
cross waveguide widths in an opposite direction from the multi-
modal bridge waveguide allows the gap spacing for coupling to
remain fixed. Compared to the previous demonstration of this
approach on SOI using only two single-mode waveguides,"* here,

7,046101-4
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FIG. 5. (a) The calculated effective modal indices vs the waveguide width for the
supported modes in a 200 nm thick SizN,4 ridge waveguide at 780 nm wave-
length. The horizontal dashed lines indicate the widths required for phase matching
between the TMO and TM1 modes. (b) The calculated effective modal indices vs
the waveguide width for the supported TMO and TM1 modes at 730, 780, and
830 nm wavelengths. The TMO modes are shown on the left of the axis break,
whereas the TM1 modes are shown on the right. The vertical dashed lines indicate
the waveguide widths required for phase matching at 780 nm.

a third multi-modal bridge waveguide is required in order to selec-
tively couple only one polarization using higher order mode con-
version due to the lower birefringence. The consequence of this
bridge waveguide is that it then necessitates two distinct cross-
coupling tapered regions due to the lack of symmetry. The design
of the device consists of the through and cross waveguide widths
tapered from 475 to 525 nm, along with the bridge tapered from
1275 to 1325 nm in the opposite direction. The bridge also contains a
15 ym long straight waveguide section that is used in conjunction
with 100 ym radius S-bends to offset the two distinct cross-coupling
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FIG. 6. (a) A top-down schematic diagram (not to scale) of the proposed cascaded
tapered asymmetric directional coupler polarization beam splitter (ADC-PBS). (b)
The simulated TMO cross transmission for an ADC-PBS with and without tapering
vs coupling length at 780 nm wavelength.

regions. An EME solver was used to model the TMO cross trans-
mission vs L. for the cascaded tapered ADC-PBS and a non-tapered
design consisting of fixed widths for the through and cross waveg-
uides (502 nm) along with the multi-modal bridge (1300 nm) each
separated by a gap spacing of 500 nm [see Fig. 6(b)]. It is clear that
the addition of the tapers decreases the sensitivity of the TMO cross
transmission to changes in the L., which will increase fabrication
tolerance.

C. PBS fabrication and characterization

A Si3Ny cascaded tapered ADC-PBS with two 150 ym long
coupling sections was fabricated using the self-aligned process as
previously discussed. Figure 7(a) shows a scanning electron micro-
scope image of the fabricated device. False color is used to highlight
the rib and ridge SisN4 waveguide sections and windows that have
been patterned and etched to realize the ridge waveguide structure.
Characterization was performed using the setup discussed earlier by
exciting either the fundamental TE or TM mode at the input of the
through port and then measuring the transmission of each polariza-
tion at the through and cross output ports. To measure the output
of each port separately, they was an offset of 50 ym and a pin hole
aperture was used after collection by the objective lens. Figure 7(b)
shows the experimentally measured transmission vs wavelength of

7,046101-5
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FIG. 7. (a) A scanning electron microscope (SEM) image of a fabricated SizN4
waveguide cascaded tapered asymmetric directional coupler. The inset shows a
higher magpnification image of the coupling section between the single and multi-
modal bridge waveguides. (b) The experimentally measured transmission of the
through port when injecting a TE mode and the cross port when injecting a TM
mode as a function of the wavelength.

the through port when injecting a TE mode and the cross port for
an injected TM mode. As expected when injecting a TE mode, neg-
ligible cross-coupling occurs even across the full wavelength range
of the setup since there is no phase matching to the bridge wave-
guide. In contrast, the TM mode, which is designed to cross couple,
is far more sensitive to a change in wavelength. It is clear that there
is ~100% transmission achieved at 780 nm wavelength and >80%
over a 50 nm bandwidth (760-810 nm wavelengths). To calculate
the PER and IL for the PBS, the measured spectral responses of the
output from the through and cross ports are normalized compared
to a reference waveguide for both polarization states. The PER and
IL are then defined as

TTh h,C
PER7g 1M = —10 X loglo ( ﬁ 3)
ross, Throug

ARTICLE scitation.org/journal/app

and

ILTE,TM =-10x loglo(TThruugh,Cmss)’ (4)

where Trprougn and Tcross are the transmission of the through and
cross output ports when injecting either a TE or TM mode at the
input of the through port. As shown in Fig. 8(a), the PER for the
cross port is almost >20 dB across the full 140 nm measurement
range with it peaking at 30 dB close to 780 nm wavelength. This
broadband PER is expected since there is negligible cross-coupling
of the TE mode. The main parameter of interest for the cross port
is the IL, which is <1 dB between 760 and 810 nm wavelengths.
Figure 7(b) shows the PER for the through port with a peak of
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FIG. 8. (a) The experimentally measured polarization extinction ratio (PER) and
insertion loss (IL) for the cross port of the fabricated Si;N4 waveguide polarization
beam splitter (PBS) as a function of the wavelength. (b) The experimentally mea-
sured PER of the through port vs wavelength for the fabricated PBS. The inset
shows, in more detail, the wavelength range where the PER > 15 dB.
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TABLE I. Comparison of experimentally demonstrated SisN4 waveguide polarizing beam splitters.

Structure PER (dB) IL (dB) BW (nm) Wavelength (nm) Length (um) References
MZI w/active control >20 <0.1 38 1536-1576 1000 17
MZI >20 <1.5 80 1530-1610 113 18
MMI (ALIG) >17 (through)/>25 (cross) ~ <1.0 35 1530-1565 48 19
MMI >20 <1.0 100 1525-1625 80 22
MMI >30 ~1.1 22 1550-1572 820 23
3D-DC >16 <1.0 30 1535-1565 800 16
Phase controlled DC >10 <0.6 95 1260-1355 136 20
Cascaded tapered ADC  >15 (through)/>20 (cross) <1.0 18 (through)/50 (cross) 760-810 315 This work

27.5 dB at 780 nm wavelength. The PER is >15 dB for a band-
width of 18 nm [see the inset of Fig. 7(b)]. One way to improve
the bandwidth of the through port would be to filter the remaining
fraction of the TM mode that is not cross-coupled by cascading the
device. This would constitute minimal added IL since the TE mode
is unperturbed but would increase the overall footprint.

D. Discussion

Finally, the performance of the PBS is compared to the pre-
vious experimental Si3sN4 demonstrations given in Table I. These
demonstrations have been at telecommunication wavelengths with
the smallest wavelength being a phase-controlled DC-PBS operating
within the O-band (1260-1360 nm).”" It is clear that the length of
these devices is much larger compared to what can be achieved with
the state of art SOI PBS due to the lower birefringence. It is only
the ALIG device composed of a Si3N4/Si dual-core that has a length
<10 ym." This work represents the first demonstration below the Si
absorption band edge, where Si3sNy provides a clear advantage. The
PER, IL, and length are comparable to what has been achieved with
the telecommunication-based devices. The operational bandwidth
of 50 nm for the cross port and 18 nm for the through port compare
favourably when analyzed as a fractional bandwidth (Br = A¢/fc).

V. CONCLUSION

A Si3Ny waveguide polarization rotator and polarization beam
splitter that operates at the ¥ Rb atomic transition of 780.24 nm is
presented. These devices are fabricated together on the same chip
using a simple self-aligned process for integration of the required rib
and ridge waveguide structures. The polarization rotator based on
the mode evolution approach using adiabatic tapers demonstrates
a polarization extinction ratio (PER) of >20 dB over 100 nm band-
width (730-830 nm wavelengths) with an insertion loss (IL) < 1 dB.
The polarization beam splitter is based on a cascaded tapered asym-
metric directional coupler design with phase matching engineered
between the fundamental and higher order TM modes, whereas
the TE mode is separated by the through port. This approach pro-
vides a PER > 20 dB over 50 nm bandwidth for the cross port and
a PER > 15 over 18 nm for the through port. These polarization
control waveguide devices can enable photonic integrated circuits
for saturated absorption spectroscopy of atomic vapors for laser
stabilization on-chip.
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SUPPLEMENTARY MATERIAL

See the supplementary material for further details regarding
the self-aligned etch process, experimental setup, and fabrication
tolerance of the asymmetric directional coupler polarization beam
splitter without tapering.
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