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Abstract—We present a fabrication-robust silicon photonics
platform compatible with standard 220 nm silicon thickness. Our
generalized design methodology shows a 4× energy reduction
over standard filter designs and was validated in a 300 mm
foundry process, showing a promising avenue for reducing
thermal tuning energy.

I. I NTRODUCTION
The high index contrast between silicon and silicon dioxide
in silicon-on-insulator (SOI) photonics processes presents a
double-edged sword: while it enables compact device footprints and unparalleled density, it additionally leads to high
sensitivity to nanometer-scale fabrication variations. It is well
known that increasing the dimensions of the waveguide leads
to a reduction in effective index sensitivity to fabrication
errors, at the expense of the waveguide supporting higher-order
modes. As such, previous demonstrations have only used wide
waveguides to reduce effective index variations in straight
sections which avoids exciting higher-order modes in sharp
bends [1].
Here, we demonstrate a universal design methodology for
creating fabrication-robust silicon photonic circuits in standard
foundry process flows using wide multi-mode waveguides
in the pure single-mode regime. To maintain single-mode
operation through compact bends, we employ Euler curves
which adiabatically vary the radius of curvature such that
the optical mode does not experience any abrupt discontinuities that typically lead to higher-order mode excitation. A
representative phase-sensitive device, the ring-assisted Mach
Zehnder interferometer (RMZI), was fabricated using both ebeam prototyping and in a commercial 300 mm foundry to
validate the approach. The fabricated devices show uniform
performance from die-to-die in both cases, demonstrating the
universality of the platform.
II. D ESIGN M ETHODOLOGY AND R ESULTS
Commercial SOI photonics foundries have generally converged on a 220 nm silicon waveguide layer thickness [2],
which restricts the only geometric degree of freedom to
waveguide width for wire waveguides. Adhering to this constraint, we judiciously widen our nominal waveguides from
480 nm to 1.2 µm, leading to less effective index sensitivity to
width variations as well as reduced modal overlap with rough
sidewalls. For wide multimode waveguides, radial bends lead
to significant radiation loss as well as parasitic higher-order

mode conversion due to the abrupt mode discontinuity. To
maintain adiabaticity and thus avoid mode mismatch, Euler
curves of the same 1.2 µm width are used to preserve pure
single-mode operation with minimal loss and parasitic mode
conversion (Fig. 1a). Previous demonstrations have similarly
used adiabatic bends with wide waveguides to avoid exciting
higher order modes in sharp bends, although for the purpose
of achieving ultra-high quality factor resonators [3], [4].
The RMZI structure is chosen as a representative device
since its spectrum is highly sensitive to both the effective index
of the ring resonator as well as the phase imparted by the path
imbalance in the bottom arm [5]. For splitting and recombining
at the MZI input/output, 3.5 µm × 43.1 µm 50-50 MMIs
are used. To achieve the desired phase response for flat-top
pass-bands, the ring is highly overcoupled (κ2 ≈ 0.9) using a
compact 3.5 µm × 21.6 µm MMI. By using MMIs with 1.2
µm port widths, the need for waveguide tapering is eliminated
(Fig. 1c-d). To quantify the energy savings of the fabricationrobust design compared to conventional designs, effective
index perturbations for ≈ 3σ width deviations (+/- 5 nm) were
simulated using Lumerical MODE for both 480 nm and 1.2
µm waveguide widths. These effective index variations were
then converted into phase errors for a 400 GHz-spaced RMZI
design, which were used in S-parameter circuit simulations in
Lumerical INTERCONNECT to quantify the induced spectral
shift from the nominal design. Assuming a state-of-the-art
thermal tuning efficiency for undercut heaters of Pπ = 5
mW [6] and an experimentally measured thermal shift of 9.74
GHz/K, the worst-case thermal tuning energy was calculated
for both cases, demonstrating a 4× improvement for the 1.2
µm waveguides (Fig. 1b).
The representative RMZI devices were fabricated in both
e-beam and high volume 300 mm deep ultraviolet (DUV)
processes to validate the approach (Fig. 1c-d). The measured
spectra are in good agreement between the two cases (Fig.
1e) with minor differences likely due to slight changes in
fabricated MMI dimensions which can induce different excess
loss characteristics as well as different splitting ratios and
bandwidths. However, both devices show usable bandwidths
greater than 60 nm with flat-top pass- and stop-bands and
cross-talk suppression greater than 13 dB over the entire range.
Furthermore, the ideal spectral profile is maintained between
spatially distanced devices on different die and thus validates
the robustness of the design to fabrication variations (Fig. 1f).
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Fig. 1. (a) Comparison of simulated field profiles and transmission characteristics for 1.2 µm wide 90 degree radial and Euler bends occupying the same 10
µm × 10 µm footprint, indicating large losses and parasitic mode conversion for the radial case while the Euler case displays nearly lossless transmission
with -40 dB TE0 to TE1 conversion. (b) Comparison of energy consumption as a function of width variation and temperature fluctuation between nominal
(480 nm) and widened (1.2 µm) waveguide RMZIs showing a 4× improvement in worst-case energy expenditure. (c) Layout and microscope image of the
fabricated e-beam prototype device using platinum heaters. (d) Layout and microscope image of the fabricated 300 mm DUV device using doped silicon
heaters. (e) Spectral comparison for the two fabricated devices with no thermal tuning, showing the desired flat pass-band response in both cases. (f) Die-to-die
comparison for both output ports showing uniform performance for spatially distanced devices.

III. C ONCLUSION
We have proposed and experimentally demonstrated a design methodology which greatly reduces random phase errors
due to fabrication variations in silicon photonic circuits. Experimentally measured data and simulated worst-case fabrication
variations show a 4× reduction in the required thermal tuning
energy compared to conventional designs. Furthermore, the
platform is fully passive and does not require post-fabrication
trimming or exotic process changes [7]. By using compact
Euler bends to maintain single mode operation, devices can
simultaneously achieve a small footprint and low sensitivity to
fabrication variations, which are key metrics for future energy
efficient and bandwidth dense interconnects.
Future directions for this work include wafer-scale quantification of phase errors, width optimization, and incorporation of active devices such as micro-ring modulators. This
demonstration provides a promising direction for dramatically
reducing the required thermal tuning energy, especially when
coupled with highly efficient tuners such as undercut heaters,
in any phase-sensitive systems such as wavelength division
multiplexing filters, optical phased arrays, and large-scale
switch fabrics.
ACKNOWLEDGEMENTS

DE-AR000843 and in part by the U.S. Defense Advanced Research Projects Agency under PIPES Grant HR00111920014.
The authors thank AIM Photonics for chip fabrication.
R EFERENCES
[1] L. Song, H. Li, and D. Dai, “Mach–zehnder silicon-photonic switch with
low random phase errors,” Opt. Lett., vol. 46, pp. 78–81, Jan 2021.
[2] N. M. Fahrenkopf, C. McDonough, G. L. Leake, Z. Su, E. Timurdogan,
and D. D. Coolbaugh, “The aim photonics mpw: A highly accessible
cutting edge technology for rapid prototyping of photonic integrated
circuits,” IEEE Journal of Selected Topics in Quantum Electronics,
vol. 25, no. 5, pp. 1–6, 2019.
[3] L. Zhang, S. Hong, Y. Wang, H. Yan, Y. Xie, T. Chen, M. Zhang, Z. Yu,
Y. Shi, L. Liu, and D. Dai, “New-generation silicon photonics beyond
the singlemode regime,” arXiv:2104.04239, 2021.
[4] X. Ji, J. K. Jang, U. D. Dave, M. Corato-Zanarella, C. Joshi, A. L.
Gaeta, and M. Lipson, “Exploiting ultralow loss multimode waveguides
for broadband frequency combs,” Laser & Photonics Reviews, vol. 15,
no. 1, p. 2000353, 2021.
[5] A. Rizzo, Q. Cheng, S. Daudlin, and K. Bergman, “Ultra-broadband
interleaver for extreme wavelength scaling in silicon photonic links,”
IEEE Photonics Technology Letters, vol. 33, no. 1, pp. 55–58, 2021.
[6] J. E. Cunningham, I. Shubin, X. Zheng, T. Pinguet, A. Mekis, Y. Luo,
H. Thacker, G. Li, J. Yao, K. Raj, and A. V. Krishnamoorthy, “Highlyefficient thermally-tuned resonant optical filters,” Opt. Express, vol. 18,
pp. 19055–19063, Aug 2010.
[7] H. Jayatilleka, H. Frish, R. Kumar, J. M. Heck, C. Ma, M. Sakib,
D. Huang, and H. Rong, “Post-fabrication trimming of silicon photonic
ring resonators at wafer-scale,” Journal of Lightwave Technology, pp. 1–1,
2021.

This work was supported in part by the U.S. Advanced
Research Projects Agency–Energy under ENLITENED Grant

Authorized licensed use limited to: Columbia University Libraries. Downloaded on February 27,2022 at 18:09:07 UTC from IEEE Xplore. Restrictions apply.

