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Abstract: We present a foundry-fabricated monolithically integrated photonics platform for the
visible spectrum (A=445-640nm) with two layers of silicon nitride waveguides, silicon
photodiodes, efficient undercut thermo-optic phase shifters, in situ trimming, and electro-thermal
MEMS devices. © 2023 The Author(s)

Recent demonstrations of low-loss, visible-light silicon nitride (SiN) and aluminum oxide waveguides on 200- and
300-mm diameter wafers [1-3] highlight the opportunity for advanced visible-light integrated photonics platforms
that rival conventional silicon (Si) photonics platforms in their complexity and manufacturability. Integrated
photonics at visible wavelengths can provide unique and scalable solutions for applications including quantum
information [4], neurotechnology [5], biosensing [6], and displays [7]. Fully realizing this potential will require
photonic integrated circuits (PICs) with active functionality. Recent demonstrations have shown visible-light
integrated photonic active devices such as individual phase shifters [8-10], photodetectors [11], and lasers consisting
of gain chips co-packaged with SiN PICs [12]. In this work, we present the first visible-light integrated photonics
platform with monolithically integrated SiN waveguides, thermo-optic phase shifters, photodetectors, and
microelectromechanical systems (MEMS) devices. We reported these devices separately in [13-17], and here, we
present the overall photonic platform.

The platform (Fig. 1) was fabricated at Advanced Micro Foundry on 200-mm diameter Si wafers, beginning with
forming the photodetectors and waveguide bottom cladding: ion implantation and rapid thermal annealing for the
doped Si regions, Si mesa etching, SiO» deposition, and chemical mechanical polishing (CMP). Two SiN waveguide
layers were defined by plasma enhanced chemical vapor deposition (PECVD) of SiN, ArF deep ultraviolet
lithography, and reactive ion etching; CMP was used for layer planarization. Two metal (Al) wiring layers (M1 and
M2), vias, and titanium nitride (TiN) heaters were defined next followed by deep trench and undercut etching for
suspended structures and edge coupler facets. The platform has 2 SiN waveguide layers, Fig. 1(a); SiN1 has a
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Fig. 1. Visible-light integrated photonics platform. (a) Photograph of a fabricated wafer and cross-section transmission electron micrograph
(TEM) of the SiN waveguide layers (SiN1 and SiN2); TEM from [13], scale bar: 200nm. (b) Platform schematic. (c) Photodetector (PD)
micrographs with input light. Measured and simulated PD external quantum efficiency (EQE) vs. wavelength (A); from [14]. The measured data
points correspond to the average EQE (over 3 chips), and the bars show the minimum and maximum measured EQE. (d) Scanning electron
micrograph of an electro-thermal MEMS cantilever from [17]. (e) Micrographs of the thermo-optic phase shifter integrated into a Mach-Zehnder
interferometer (MZI) test structure (suspended heater length = 478um) (left); the phase shifter drive power was varied between the micrographs
showing switching between the outputs. Measured MZI transmission versus heater power at A=445nm showing P, = 0.8mW (right); from [15].
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Thermal trimming of SiN wavequides using undercut heaters Electro-thermal MEMS cantilever with grating emitter PIC demonstration
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Fig. 2. In situ thermal refractive index trimming, MEMS cantilever devices, and PIC demonstration. (a) Waveguide trimming in
suspended thermo-optic phase shifters with a single waveguide pass (length=508um); solid, dashed, and dotted lines correspond to 3 dies at
each heater power (absolute values shown, effective index change, An.s, was negative). (b) Electro-thermal MEMS cantilevers with embedded
grating coupler emitters. Simulated deflection at 2 heater powers (top), measured far field profiles at 2 heater powers (dashed line = back
aperture of the objective lens in the imaging system) (bottom-left), and measured and simulated optical beam deflection (A6) vs. heater power
for 3 cantilever lengths (Lgey) (bottom-right); A=488nm, TE polarization, from [17]. (c) Schematic, micrograph, and measurement of a PIC with
a thermally-tuned microring and a PD power monitor tap on the thru port. The heater power was swept while the PD photocurrent and thru port
optical transmission were measured (input: A=514nm, TE polarization); from [14].

150nm nominal thickness with high optical mode confinement for compact devices, SiN2 is 75nm thick with
relatively low mode confinement, and the 100nm thick interlayer SiO; enables efficient interlayer transitions. SiN
waveguide losses (A=430-648nm) were reported in [2,15].

Bi-layer edge couplers: The two waveguide layers enable broadband and low-loss bi-layer edge couplers with
visible spectrum single-mode fibers (SMF) [13]. A 240nm wide edge coupler tip in SiN2 expanded the optical mode
to micron-scale to match the SMF. The SiN2 width was adiabatically increased to a 1um width using a 200um-long
taper for increased optical confinement, and a subsequent 75um-long adiabatic interlayer transition coupled light
from SiN2 to a SiN1 waveguide. The measured fiber coupling efficiency was > -4dB/facet (A = 445, 488, 532, 594,
640nm) for SMF (Nufern S405-XP).

Photodetectors: The platform has ultra-broadband SiN-on-Si waveguide PIN and PN photodetectors (PDs) [14].
The 150nm nominally thick SiO; spacer between SiN1 and the Si mesas enables efficient light transfer from SiN to
Si, where it is absorbed. Figure 1(c) shows the measured (at -2V bias) and simulated external quantum efficiency
(EQE) for 50pm-long PIN PDs with 2um-wide intrinsic regions and 200nm-wide SiN1 waveguides above. The
measured EQE was > 50% for transverse-electric (TE) polarized light at A = 405, 445, 488, and 532nm. For TM-
polarized light, the measured EQE was > 60% at several discrete wavelengths from 405 - 640nm. TE operation up to
A = 640nm was also demonstrated but with lower EQE. The opto-electronic (OE) 3-dB bandwidth was about
4.4GHz at -2V bias. The measured dark current was 144 + 42pA and 266 + 65pA at reverse biases of -5V and -15V,
respectively. Avalanche photodetectors were also realized with PN doping. More details are in [14].

Thermo-optic (TO) phase shifters and thermal trimming: The suspended regions in Fig. 1(b), defined by
undercut etching through rows of deep trenches, enable efficient TO phase shifters and in situ refractive index
trimming. The TO phase shifters had TiN heaters and a multi-pass SiN waveguide design within the suspended
structure, which provided thermal isolation, similar to infrared Si phase shifters in [18]. The phase shifters were
integrated into Mach-Zehnder interferometers (MZIs), and operated at blue, green, and yellow wavelengths (TE
polarization) [Fig. 1(e)]; the optical bandwidth was limited by the multimode interference (MMI) couplers of the
MZI. The power required for a m phase shift (P;) was measured to be 0.78, 0.93, 1.09, and 1.20mW at A = 445, 488,
532, and 561nm, respectively (averaged over 5 dies, variation < 0.1mW at each X). The 10-90% rise(fall) time of the
MZI switch was about 570(590)us [15]. Increasing the applied power in the phase shifters to 30-40mW resulted in
sufficiently high temperatures (300-400°C, estimated from simulations) for local thermal refractive index trimming
of SiN waveguides. This was tested in suspended TO phase shifters with one waveguide pass in an asymmetric MZI,
Fig. 2(a). To characterize the thermal trimming, the MZI transmission spectrum was measured repeatedly
throughout the trimming process; the phase shift and average effective index change (Ancsr) were extracted from
shifts in the fringes of the MZI spectrum. For each MZI spectrum measurement, the trimming process was paused,
allowing the chip to cool to ambient temperature, and the input wavelength was scanned from 540-580nm while the
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output optical power was measured. After 1 minute at 40mW of power dissipation in the heaters, phase trimming of
about 500° was observed, corresponding to Anegr of about -0.0015. After 10 minutes, Ancsr was about -0.0036. Over
97 days, the effective index was stable to within <10 (measurement error limited). At a low heater power of 2mW
(comparable to Pr), no significant thermal trimming was observed, indicating that the suspended heaters may be
used as both TO phase shifters and trimming sections.

MEMS cantilevers with embedded waveguides: Electro-thermally actuated MEMS cantilevers were also realized
with the suspended regions in Fig. 1(b) [16,17]. Each cantilever consisted of SiO, with an embedded heater, Al (M2)
metal layer, and a SiN waveguide terminated with a grating coupler emitter. Heating from the TiN caused deflection
of the cantilever due to the thermal expansion coefficient difference between SiO; and Al, Fig. 1(b,d). The MEMS
cantilevers were used for beam steering, Fig. 2(b); the optical beam emitted by the SiN grating coupler was
deflected by up to 30° with 30mW of power dissipation (measured by far-field imaging). The abrupt change in the
slope of AO vs. heater power in Fig. 2(b) is due to the cantilever contacting the undercut Si substrate at large A6;
deeper undercut etching may be used to avoid this and enable larger deflections. The 300, 500, and 1000um long
cantilevers had resonance frequencies of 77.4, 24.8, and 5.7kHz, respectively. We have also demonstrated cascaded
cantilever devices for two-dimensional beam steering, and an angular steering range of about 24° x 12° was
achieved. More details are in [17].

Active PIC: Figure 2(c) demonstrates the integration of multiple features in a simple PIC consisting of a thermally-
tuned add-drop microring with a directional coupler power tap and monitor PD on the thru port. As the heater power
was swept, thru port optical transmission and PD photocurrent measurements were consistent [ 14].

In conclusion, we have demonstrated a foundry-fabricated, visible-light integrated photonics platform with
advanced functionalities including monolithically integrated broadband photodetectors, efficient thermo-optic phase
shifters, in situ thermal trimming, and electro-thermally actuated MEMS cantilever devices for optical beam
steering. We are currently working on heterogeneous integration of lasers and high bandwidth electro-optic
modulators onto the platform. This work opens an avenue toward the realization of complex PICs for visible and
near infrared light applications.
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