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Abstract: Atomic, molecular and optical (AMO) visible light systems are the heart of precision
applications including quantum, atomic clocks and precision metrology. As these systems scale in
terms of number of lasers, wavelengths, and optical components, their reliability, space occupied,
and power consumption will push the limits of using traditional laboratory-scale lasers and optics.
Visible light photonic integration is critical to advancing AMO based sciences and applications,
yet key performance aspects remain to be addressed, most notably waveguide losses and laser
phase noise and stability. Additionally, a visible light integrated solution needs to be wafer-scale
CMOS compatible and capable of supporting a wide array of photonic components. While the
regime of ultra-low loss has been achieved at telecommunication wavelengths, progress at visible
wavelengths has been limited. Here, we report the lowest waveguide losses and highest resonator
Qs to date in the visible range, to the best of our knowledge. We report waveguide losses at
wavelengths associated with strontium transitions in the 461 nm to 802 nm wavelength range, of
0.01 dB/cm to 0.09 dB/cm and associated intrinsic resonator Q of 60 Million to 9.5 Million, a
decrease in loss by factors of 6x to 2x and increase in Q by factors of 10x to 1.5x over this visible
wavelength range. Additionally, we measure an absorption limited loss and Q of 0.17 dB/m and
340 million at 674 nm. This level of performance is achieved in a wafer-scale foundry compatible
Si3Ny platform with a 20 nm thick core and TEOS-PECVD deposited upper cladding oxide, and
enables waveguides for different wavelengths to be fabricated on the same wafer with mask-only
changes per wavelength. These results represent a significant step forward in waveguide platforms
that operate in the visible, opening up a wide range of integrated applications that utilize atoms,
ions and molecules including sensing, navigation, metrology and clocks.

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

1. Introduction

Photonic integration can improve the reliability, reduce the cost and size, and enable scalability,
of traditionally table-top sized precision lasers and optics for visible light applications such as
optical atomic clocks [1-3], precision spectroscopy [4,5] and metrology [6,7], atomic sensors
[8-10], and quantum information sciences and applications [11-14]. For example, atomic,
molecular and optic (AMO) applications [15] rely on racks of lasers and table-sized optics to
perform spectroscopy, trap and cool, manipulate, and probe just a single atom, ion, molecule
or quantum gate. Today’s optics infrastructure presents challenges to scaling the number of
atoms, ions or qubits, in order to improve the sensitivity of a quantum sensor or computational
complexity of a quantum computer. For AMO systems, waveguide loss is paramount to the
preservation of photons and resonator Q plays a critical role in laser linewidth narrowing, phase
noise reduction and filtering. Photonic integration can address these requirements [5,16] and key
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functions including photon routing, optical filtering [17], free-space beam formation [12,18-20],
and hybrid tunable [21,22] and ultra-low linewidth lasers [23,24]. Realizing a wafer-scale, CMOS
compatible, photonic integration platform that delivers ultra-low waveguide losses (< 0.1 dB/cm)
and ultra-high Q resonators (> 10 Million) across the 400 - 900 nm range is critical to realize
these advances.

The choice of waveguide core material, in part, will determine the loss and Q in the 400
- 900 nm wavelength range [25] as well as waveguide design and processing considerations
[26]. Wide bandgap waveguide core material choices suited to the visible include silicon nitride
(Si3Ny), aluminum nitride (AIN), alumina (Al,O3), tantala (Ta;Os), lithium niobate (LiNbO3),
titanium dioxide (TiO,), silicon dioxide (SiO;) and diamond [23,26—43]. In addition to the
waveguide core bandgap, nonlinear absorption, intrinsic material absorption in the cladding and
substrate, and waveguide side- and top-wall scattering must be addressed when designing for this
wavelength regime. Since scattering loss scales as 1/A* it contributes significantly at the lower
end of the visible spectrum. To date, the lowest losses reported are 0.06 dB/cm in Si3N4 and
LiNbOs3 at A = 634 nm and 637 nm respectively [34,41], 0.22 dB/cm at 453 nm and 0.93 dB/cm at
405 nm in SizNy [27], and 0.6 dB/cm at A =458 nm in Al,O3 [33,35]. Resonator Qs in the visible
have been mostly been relegated to sub-Million [34] with a record-high 11 million reported at
A =637 nm in LiNbOj3 and recently 6 million at 453 nm in Si3Ny4 [27]. Improving visible light
waveguide losses and resonator Qs will enable integration of key functions for atom, ion and
molecule science, new physics and their applications.

Here, we report the lowest waveguide losses and highest Qs demonstrated in any wafer-scale
integrated waveguide platform to date in the wavelength range 461 nm - 802 nm, specifically
for strontium atomic transitions, to the best of our knowledge. The waveguides and devices are
fabricated using a wide bandgap (> 405 nm) [25], CMOS compatible waveguide design, based
on a 20nm thick LPCVD Si3Ny core, a thermal SiO; lower cladding, and a TEOS-PECVD
deposited upper cladding. We report losses of 0.01 dB/cm (1 dB/m) at 674 nm and 698 nm,
0.02 dB/cm (2 dB/m) at 802 nm, and 0.09 dB/cm (9 dB/m) at 461 nm. These results represent a
6x decrease in loss over the prior lowest reported red/NIR waveguide losses [33,35,41] and a 2x
loss decrease in the blue [27]. We also report the highest resonator Qs in the 461 nm — 802 nm
wavelength range to date, 60 million at A = 698 nm, 54.4 Million at A =674 nm, 28 Million at
A =802 nm and 9.5 Million at A =461 nm, representing a 10x increase at 802 nm, a 5x increase at
674 nm/698 nm [32,35,41] and a 1.5x increase over the prior state of the art in blue [27]. We
compare the losses from resonators at 461 nm and 698 nm with losses from 2 m coils [28].

An illustrative example of how ultra-low loss waveguides and ultra-high Q resonators, as
well as other photonic structures, can be applied to an atomic or ion application (e.g. quantum,
spectroscopy, clocks, computation) such as an integrated strontium atom cooling and clock
application (Fig. 1). This example can leverage ultra-low loss waveguide technology to realize
extended cavity tunable lasers [21], visible light emission ultra-narrow linewidth stimulated
Brillouin scattering (SBS) lasers [23,24] and integrated reference cavities [44]. For example,
beams can be converted from ultra-low loss waveguides to magneto optical trap (MOT) cooling
beams using large area surface gratings [18]. Other potential applications include an ion trap
[45,46], quantum computation [45], Rydberg blockade gates [46] and Rydberg sensors [11].
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Fig. 1. Illustrative example application of visible light ultra-low loss photonic integrated
waveguides and ultra-high Q resonators to generate and deliver neutral Sr atom cooling and
clock transition beams.

2. Waveguides and resonators

The waveguides are fabricated using a wafer-scale CMOS compatible LPCVD deposited SizNy
core fabrication process whose bandgap is optically transparent at wavelengths above 405 nm
[26]. Our design employs an optimized waveguide geometry to minimize the losses in the 461 nm
to 802 nm wavelength range while providing reasonably tight bend radii for all the wavelengths
(< 10~* dB/cm contribution from bend for radius > 0.33 mm for blue, > 2.3 mm for red and >
5.5 mm for 802 nm). A 20 nm Si3Ny thick core is selected to support a large mode volume and
low mode overlap (< 0.1) to minimize side- and top-wall scattering losses as well as waveguide
core absorption loss. To optimize loss and footprint at each wavelength, the waveguide width is
adjusted using mask-only design changes. This approach enables multiple visible wavelengths
with a common nitride core thickness to be integrated. The waveguide width of 1.3 um at
A =461 nm minimizes loss and supports a single TE mode. At A=674nm and A=698 nm a
2.3 um width minimizes loss and supports a quasi-single TE mode with a weakly guided TM
mode that is filtered out using appropriate filter bend radii < 10 mm [47]. The 2.3 um width
supports single mode at 802 nm. The upper and lower cladding thicknesses are 6 um and 15 um
respectively. Figure 2 shows the waveguide cross section and mode profiles at the 4 wavelengths.
Further details of the waveguide design are given in the supplementary materials.

‘We measure the intrinsic and loaded Qs of all-pass ring resonators and derive the waveguide
losses and absorption limited loss from these measurements (described later in this paper). Spiral
coils are used to measure propagation losses directly, and we compare the losses obtained using
these two approaches. A 3 mm radius resonator is used for Q measurement at 461 nm (Fig. 3(a))
and 2 meter coil is used for propagation loss measurements at 450 nm (Fig. 3(d)). A 9.4 mm
radius resonator is used for Q measurement at 698 nm (Fig. 3(b)) and 2 meter coil is used for
propagation loss measurements at 698 nm (Fig. 3(c)). At the other wavelengths, we designed and
fabricated resonators with 8.9 mm radius for A = 674 nm, and 10 mm radius for A =802 nm. The
resonator power coupling factor (k?) is ~ 16% at . =461 nm, 1.5% at A = 674 nm, 1% A = 698 nm
and 57%, at A =802 nm. The resonators are designed to be over-coupled for 461 nm and 802 nm,
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Fig. 2. Waveguide cross section and mode profiles: (a) Cross section of waveguide with
core and cladding dimensions. (b) Mode profile at A.=461nm in a 1.3 um wide waveguide
with mode area = 0.7 um? and confinement factor = 0.065. (c) Mode profile at A = 674 nm in
a 2.3 um wide waveguide with mode area =3 pmz and confinement factor = 0.031. (d) Mode
profile for A = 698 nm with mode area=3.3 pmz and confinement factor = 0.028. (e) Mode
profile at » = 802 nm in a 2.3 um wide waveguide with mode area = 5.1 um? and confinement
factor = 0.020.

critically coupled for 674 nm, and under-coupled for 698 nm. Test structures are employed to
independently measure k2, and are used with the Q measurements to extract loss from resonators.
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Fig. 3. Structures for waveguide loss measurements: (a) R =3 mm resonator for 461 nm Q
measurement (b) R = 9.4 mm resonator for 698 nm Q measurement (c) 2 m coil for measuring
propagation loss at 698 nm (d) 2 m coil for measuring propagation loss at 450 nm with a
penny for size comparison.

3. Results

We measured the Q at A=674nm and A =802 nm using a frequency-swept source that was
calibrated by an unbalanced Mach Zehnder interferometer (MZI) method [23,26]. The Q at
A=461nm and A =698 nm was measured by using a swept source that was calibrated by adding
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Fig. 4. Q Measurements: (a) T is resonator transmission spectrum, Q measurement for
ring of R =9.4 mm, loaded Q =34.4 million and intrinsic Q =60 million at A =698 nm.
(b) Q measurement for ring of R = 8.9 mm, loaded Q =27.7 million and intrinsic Q = 54.4
million at A = 674 nm. (c) Q measurement for ring of R = 10 mm, loaded Q = 0.81 million
and intrinsic Q = 28 million at A = 802 nm. (d) Q measurement for ring of R= 3 mm, loaded
Q = 1.65 million and intrinsic Q =9.5 million at A =461 nm (e) Images of resonators during
Q measurements, the bright spot in 802 nm resonator is a particle in vicinity of waveguide.

sidebands at a known frequency offset from the carrier and then sweeping the carrier as well as
the sidebands across the resonance [26]. We calibrate the MZI and have found in our previous
works that Q values obtained using MZI and sideband methods match well with values obtained
from cavity ring-down measurements [25,49]. Loss is extracted from resonators Qs and coupling
coefficients from test structures. Figure 4 shows the frequency sweeps of the resonators for
extracting Q. We report both intrinsic Q and loaded Q. Intrinsic Q is dependent on the resonator
loss only as intrinsic gives a limit to Q. Loaded Q is when the resonator is coupled to a bus and
includes coupling losses and is the Q used in applications.

Atk =698 nm, the intrinsic Q = 60 million and loaded Q = 34.4 million (Fig. 4(a)) are measured
with a corresponding calculated 0.01 dB/cm (1 dB/m) loss. At A =674 nm, the intrinsic Q = 54.4
million and loaded Q =27.7 million (Fig. 4(b)) with a corresponding 0.01 dB/cm (1 dB/m)
loss. At A=802nm the intrinsic Q =28.3 million and loaded Q =0.81 million (Fig. 4(c)),
corresponding to a 0.02 dB/cm (2 dB/m) propagation loss. At A=461 nm, the loaded Q = 1.65
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million and intrinsic Q =9.5 million (Fig. 4(d)) with a corresponding 0.09 dB/cm (9 dB/m) loss.
At A =698 nm, the propagation loss measured using the spiral (Fig. 3(c)) is 0.03 dB/cm (3 dB/m).
We believe the mismatch at A =698 nm between the resonator and spiral loss is due to the
increased number of particles on the spiral waveguides as compared to the resonators. At 802 nm,
we believe the loss is also increased due to particles as seen in the right portion of the 802 nm
resonator in Fig. 4(e). The propagation loss at A =450 nm is 0.08 dB/cm (8 dB/m), obtained from
the spiral in Fig. 3(d), [28] which matches well with calculated 0.09 dB/cm (9 dB/m) loss from
resonator at A =461 nm. The fiber to chip coupling losses are 3 dB/facet at lambda =461 nm, 4.5
dB/facet at lambda = 674 nm, and 3.5 dB/facet at lambda = 802 nm. These coupling losses can
be improved by utilizing mode size converters at the facets and polishing of facets [48].

We measure the absorption loss at 674 nm to separate the contributions of absorption and
scattering losses and determine the potential loss and Q given the scattering loss is reduced to
below absorption. This measurement follows a technique to quantify the resonance photothermal
induced bistable linewidth shift [26] using a spectral scan across resonance with a high on-chip
power induces a photothermal resonance redshift that is comparable to the resonance linewidth.
This photothermal effect is a direct result of absorption heating in the resonator. As shown in
Fig. 5(a), the red detuning (from shorter wavelength to longer wavelength) across resonance heats
up the resonator and induces a resonance redshift, resulting in a skewed lineshape. To extract the
absorption loss relative to the total loss, we simulate the thermal impedance of the ring resonator
in Comsol. Assuming Ry, = 9.72 K/W, we measure the thermal-optic redshift with a global
heating of the chip, Af,.s/AT = 9.31 GHz/K, which yields the resonance redshift per milliwatt
of optical power absorbed by the resonator, Afyes/Paps = 38.0 MHz/mW. As shown in Fig. 5(b),
the resonance redshift has a linear relationship with on-chip power, confirming the photothermal
heating effect, from which we extract the absorption loss to be 0.17 dB/m which is < 15% of
total loss. The intrinsic Q corresponding to this absorption loss is ~ 340 million at A = 674 nm.
This shows our losses are scattering limited in red with > 85% contribution from scattering and
further improvements in losses to below < 1 dB/m and Q’s in excess of 100 million at red are
possible by reducing the sidewall scattering.
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Fig. 5. Thermal bistability measurement (a) Resonance transmission at different on-chip
powers (power in the bus waveguide) showing thermal redshift (b) Rate of resonance redshift
from fit = 5.4 MHz/mW.

A summary of published losses and Q values across this wavelength range for different
waveguide material systems are shown in Fig. 6(a) and (b), respectively for wavelength range 450
nm — 802 nm. Our measured losses are ~ 2 - 6 times lower than the best previously reported in
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Fig. 6. (a) Waveguide loss summary for different published waveguide materials compared
to our results (A) including the absorption limited loss (*). The dotted line shows the
Rayleigh scattering loss scaling which indicates the limit of scattering loss achievable for
our current fabrication process and design. The higher loss at A =802 nm is due to the
particle as discussed earlier while higher loss at A =461 nm might either be due to higher
absorption loss or particles. The dotted line gives a rough estimate of losses expected at
wavelengths other than the ones reported in this paper for our waveguide platform. (b)
Summary of intrinsic Q values in different waveguide materials compared to our results
(A) and absorption loss limited Q (*). The absorption limited loss is less than the current
waveguide scattering loss due to sidewall scattering. Improvement towards the absorption
limited loss and Q is possible by reducing the scattering losses to below these values.

any material platform and our reported Qs are 10x higher at NIR, 5x higher at red wavelengths
and 1.5x higher in the blue than previously reported best values.

4. Conclusions and discussion

We report the lowest demonstrated waveguide losses in the visible and near IR region between
0.01 dB/cm and 0.09 dB/cm, for any waveguide platform to the best of our knowledge. We also
report the highest Qs for a bus-coupled ring resonator, between ~10 million and 60 million, in
this same wavelength range. This CMOS compatible, wafer-scale integration platform opens the
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possibility for on-chip components like delay lines, switches, Brillouin lasers, reference cavities,
tunable lasers and more, to support visible light AMO applications including quantum, atom,
ion and molecule transitions. The low absorption limited loss at 674 nm (0.17 dB/m, <15% of
total loss) shows the potential to further improve these results by advanced fabrication processes
that reduce the roughness of sidewalls [26]. There are opportunities to further reduce the loss to
below 1 dB/meter and the Q to greater than 300 million by employing nitride surface passivation
and blanket nitride deposition techniques [26]. These results represent a significant step forward
in visible light wafer-scale photonic integration platforms, opening a wide range of potential
applications that utilize atoms, ions and molecules including sensing, navigation, metrology and
clocks.
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