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Abstract: Low-loss broadband fiber-to-chip coupling is currently challenging for visible-light
photonic-integrated circuits (PICs) that need both high confinement waveguides for high-density
integration and a minimum feature size above foundry lithographical limit. Here, we demonstrate
bi-layer silicon nitride (SiN) edge couplers that have ≤ 4 dB/facet coupling loss with the Nufern
S405-XP fiber over a broad optical wavelength range from 445 to 640 nm. The design uses
a thin layer of SiN to expand the mode at the facet and adiabatically transfers the input light
into a high-confinement single-mode waveguide (150-nm thick) for routing, while keeping the
minimum nominal lithographic feature size at 150 nm. The achieved fiber-to-chip coupling loss
is about 3 to 5 dB lower than that of single-layer designs with the same waveguide confinement
and minimum feature size limitation.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Photonic-integrated circuits (PICs) operating in the visible light spectrum hold great promise in a
growing number of applications beyond telecommunications, including integrated neurophotonics
for optogenetics and brain imaging [1–5], integrated ion traps for quantum information processing
[6,7], and potential miniaturized display systems for augmented and virtual reality [8–10].
Efficient light coupling from a launching fiber to the PIC is critical to expand optical power
budgets into the PIC, which enriches design potential for these applications. Currently, two types
of fiber-to-chip couplers, namely, edge couplers [11–13] and surface grating couplers [14–16]
are commonly adopted in state-of-the-art PICs. Each type of couplers has its advantages [17,18].
For example, compared to grating couplers, edge couplers typically have a higher coupling
efficiency, broader optical bandwidth, and lower polarization dependent loss. Grating couplers
are more convenient for on-wafer testing, can be placed anywhere on-chip, and often have a
higher tolerance to fiber misalignment. For the visible spectrum, edge couplers are usually
preferred over grating couplers in applications where a large optical bandwidth covering a broad
wavelength range (∼400–700 nm) or in-plane packaging (such as in photonic neuroprobes [2]
and quantum ion traps [6]) are needed.

A challenge to efficient fiber-to-chip edge coupling is the mode mismatch between the on-chip
waveguide and the fiber. For example, at a blue wavelength (λ) of 488 nm, the mode is tightly
confined in a ∼200 × 280 nm silicon nitride (SiN) waveguide [19]. The small mode field diameter
(MFD) leads to a significant mode mismatch loss when coupling the light from, for example, a
Nufern S405-XP single-mode fiber with a 1/e2 MFD of ∼3.7 µm (λ= 488 nm). To match the
MFD with that of the fiber, one may adopt an inverse tapered design for the coupler [20], but
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Fig. 1. (a) Three-dimensional (3-D) schematic of a bi-layer SiN edge coupler. A cross-
sectional schematic of the coupler along AA’ is shown in (b). (c) Top-view schematic of
the bi-layer coupler. Corresponding design parameters are labelled for the discussion and
optimization in subsequent sections. The mode profiles at top depict the fundamental TE
mode evolution in an optimized bi-layer coupler as the light propagates through (λ= 488
nm). (d) A cross-sectional TEM image of a fabricated bi-layer edge coupler along AA’.

presently, the tip width of such an inverse taper (∼75 nm) is too narrow to be reliably fabricated in
current silicon photonic foundries [21]. Recent reports [22–24] have utilized a thin (∼20 nm) SiN
to maintain both a large MFD and a feature size above the deep ultraviolet (DUV) lithographic
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limit. However, the reduced mode confinement leads to millimeter-scale bend radii, hindering
high-density PIC integration.

In infrared silicon (Si) photonics, spot-size converters, incorporating lower-index (e.g., SiOx
[25], SiN [26,27], SiON [28,29] and polymers [30–33]) waveguides or tapers, are overlaid on
Si waveguides [34] for the MFD expansion in edge couplers. However, to our knowledge, this
concept has so far not been investigated for visible spectrum photonic platforms.

In this work, we overcome the trade-offs among fiber-to-chip mode mismatch, lithographical-
limited feature size and on-chip mode confinement in visible-light edge couplers by adopting an
auxiliary thin SiN [SiN2, 75 nm, in Fig. 1(b)] waveguide atop a thicker one (SiN1, 150 nm). The
thin SiN2 layer supports an expanded MFD at a feature size compatible with foundry fabrication
to enable efficient light coupling from the fiber. The coupled light is then transferred to the
thick SiN1 layer via an interlayer adiabatic tapered transition, and the SiN1 serves as the main
waveguide routing layer in a PIC. The fabricated bi-layer edge couplers show a coupling loss ≤ 4.0
dB/facet over a broad spectrum of λ= 445–640 nm, which is a ∼3–5 dB improvement compared
to that of single-layer (SiN1 only) tapered couplers. A SiN2-SiN1 interlayer transition loss was
< 0.5 dB across the visible spectrum. This work paves the way towards visible-light PICs with
an increased optical power budget and a higher integration density. The bi-layer structure can be
extended to multi-layer designs comprising other waveguide materials (e.g. LiNbO3 [35], AlN
[36], TiO2 [37], Al2O3 [38–40] and Ta2O5 [41] etc.) to further optimize the coupling efficiency.

2. Design and fabrication of the bi-layer SiN edge coupler

Figure 1(a) shows a three-dimensional (3-D) schematic of the bi-layer SiN edge coupler, where a
cross-sectional schematic of the coupler along AA’ is shown in Fig. 1(b). The SiN layers were
defined with silicon dioxide (SiO2) cladding on the Si substrate. The nominal interlayer spacing
between SiN1 and SiN2 was 100 nm. The bottom and top cladding thicknesses were 3 and 2 µm,
respectively, to the Si substrate and the superstrate (air). Figure 1(c) depicts a top-view schematic
of the bi-layer edge coupler. The coupler starts in the 75-nm thick SiN2 layer with an inverse taper
at a tip width WEC, adiabatically widening to a base width Wbase over a length LEC. The light is
then transferred to a single-mode 150-nm thick SiN1 routing waveguide with a width Wwg via an
adiabatic SiN2-SiN1 interlayer transition (length: Ltran; tip width: W tip1 =W tip2= 0.15 µm). The
mode profiles in the inset of Fig. 1(c) illustrate the evolution of the fundamental TE mode in
an optimized bi-layer coupler at λ= 488 nm (WEC = 0.20 µm, Wbase= 0.75 µm, LEC = 200 µm,
Ltran = 75 µm, Wwg = 0.38 µm). We used a bend radius of 80 µm for routing the SiN1 waveguides
and found the bend loss to be negligible compared to the SiN1 propagation loss. On a separate
wafer run with SiN1 waveguide thickness of 0.12 µm and Wwg of 0.40 µm, the loss for 20-µm
radius bends was measured to be 0.05± 0.02 (TM) and 0.04± 0.01 (TE) dB per 90° bend at
λ= 488 nm using the cutback method. A smaller bend radius with low loss supports high-density
PIC integration.

The bi-layer couplers were fabricated on 200-mm diameter Si wafers at Advanced Micro
Foundry. Both SiN1 and SiN2 (measured refractive index ∼1.82 at λ= 488 nm), together with
the SiO2 cladding (measured refractive index ∼1.46 at λ= 488 nm), were deposited via plasma
enhanced chemical vapour deposition (PECVD). The SiN layers were patterned by DUV (ArF)
lithography and reactive-ion etching. Chemical-mechanical polishing (CMP) was performed
after each deposition step, except the top SiO2 cladding layer, for planarization. Focused-ion
beam milling was used to reveal the cross-section of the fabricated structure. Figure 1(e) shows a
cross-sectional transmission electron microscope (TEM) image of the coupler along AA’ [in
Fig. 1(a)]. The fabricated layer thicknesses agree well with the nominal designed values.

In the following subsections, we discuss the optimization of several key design parameters
determining the coupling efficiency of bi-layer SiN edge couplers. Unless otherwise stated, for
the calculations, a design wavelength of 488 nm and Wwg = 0.38 µm are nominally assumed.
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2.1. Effect of SiN2 tip width (WEC)

The SiN2 tip width (WEC) determines the mode overlap between the edge coupler and the
launching fiber mode. Here we calculated the fiber-to-tip power coupling efficiency (ηpc) using
the mode overlap calculation in a finite difference eigenmode (FDE) solver with the nominal
SiN2 thickness (75 nm) and measured material refractive indices. A Gaussian beam profile was
assumed for the fiber (Nufern S405-XP, identical to that used in subsequent characterizations) with
an estimated MFD of 3.72 µm at λ= 488 nm (see Supplement 1, Section S1). A corresponding
beam profile is shown in Fig. 2(a). Figure 2(b) shows the calculated fundamental TE and TM
mode profiles in SiN2 with respect to WEC. The MFD increases with decreasing WEC, which
explains the ηpc enhancement in Fig. 2(c) with WEC decreased from 0.35 to 0.15 µm. The ηpc
drops with the further decrease of WEC, as the MFD of the SiN2 tip becomes larger than that of
the fiber. Hence, an optimal fiber-to-tip coupling (TM0: ∼92%, TE0: ∼87%) can be found at a
WEC of 0.15 µm at λ= 488 nm.

Fig. 2. Optimization of SiN2 tip width (WEC) at λ= 488 nm. (a) Mode profile of Nufern
S405-XP single-mode fiber at λ= 488 nm with a calculated mode field diameter (MFD)
of 3.72 µm. (b) TE0 and TM0 mode profiles in SiN2 with respect to WEC. (c) Calculated
fiber-to-SiN2-tip power coupling efficiency (ηpc) as a function of WEC.

2.2. Effect of SiN2 base width (Wbase) and inverse taper length (LEC)

Next, we consider the mode conversion efficiency (ηmc) within the SiN2 inverse taper. WEC,
SiN2 base width (Wbase) and the inverse taper length (LEC) determine the ηmc. Meanwhile, Wbase
has a minimum width necessary to hybridize with the SiN1 waveguide mode for the adiabatic
interlayer transition. Figure 3(a) shows the computed effective indices (neff) of the first four SiN2
eigenmodes (TE0, TM0, TE1, TM1), as a function of SiN2 waveguide width, and the neff of

https://doi.org/10.6084/m9.figshare.16622032
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the TE0 and TM0 modes of SiN1 waveguide width. Considering W tip1 = 0.15 µm, to hybridize
the TE0 and TM0 modes in the two layers (i.e., for the effective indices to cross), we require
Wbase ≥ 0.54 µm. Thus, we selected Wbase= 0.75 µm.

Fig. 3. Investigation and optimization of remaining design parameters. (a) Mode effective
index (neff) of SiN1 and SiN2 as a function of SiN width. A Wbase ≥ 0.54 µm was determined
to facilitate an adiabatic interlayer transition. (b) Calculated mode conversion efficiency
(ηmc) of the bi-layer coupler as a function of WEC and LEC at a Wbase and Ltran of 0.75 and
75 µm, respectively. (c) Calculated ηmc as a function of Wbase and LEC at a WEC and Ltran
of 0.25 and 75 µm. (d) Calculated SiN2-SiN1 transition efficiency (ηil) as a function of
Wbase and Ltran. Measurement results on cutback structures of SiN2-SiN1 transitions agree
well with the calculated results.

We then investigated ηmc of the SiN2 inverse taper as a function of WEC, Wbase and LEC. The
calculation was performed using the Eigenmode Expansion (EME) method. In the calculation,
the bi-layer coupler as in Fig. 1(a) was employed with Ltran = 75 µm, W tip1 =W tip2= 0.15 µm
and Wwg = 0.38 µm. The power transmission was evaluated from the squared magnitude of the
S-parameters through the couplers [for all the calculations in Fig. 3(b-d)], which does not include
ηpc. As an Ltran = 75 µm has been verified to have a> 99% power transmission [Fig. 3(d)], the
obtained power transmission was considered equivalent to ηmc [for Fig. 3(b) and (c)]. The other
dimensional parameters and material indices were identical to that used in the FDE calculation.
Figure 3(b) shows the calculated ηmc as a function of WEC and LEC. The calculation reveals that
ηmc increases with WEC increasing from 0.10 to 0.25 µm at a fixed LEC, due to a reduction in the
difference between the WEC and Wbase. A longer LEC leads to a higher power transmission as
expected for adiabaticity. An ηmc > 99% can be achieved at an LEC > 100 µm for WEC ≥ 0.25
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µm. Hence, we choose LEC = 200 µm as the focus of our designs and measurements in Section 3
(Fig. 4, 5 and 6) to keep a balance between ηmc and the device footprint.

Fig. 4. Coupling loss measurement of bi-layer SiN edge couplers. (a) Schematic drawing
of test structures with bi-layer couplers and reference single-layer tapered couplers. (b) An
optical micrograph showing a bi-layer edge coupler under measurement at λ= 488 nm. (c)
Measured coupling losses of bi-layer edge couplers as a function of WEC at an LEC of 200
µm at λ= 488 nm (dotted line). The results agree well with the simulated results considering
both the fiber-to-tip coupling [ηpc, Fig. 2(c)] and the mode conversion efficiency in SiN2
inverse taper [ηmc, Fig. 3(b)]. (d) Measured coupling losses of the bi-layer edge couplers
with WEC of 0.14 and 0.24 µm (LEC: 200 µm, Wbase: 1 µm). The coupling losses from the
reference single-layer couplers were also included as a benchmark.

Figure 3(c) shows the effect of Wbase as a function of LEC on the ηmc for Wbase ≥ 0.54 µm.
Here, WEC and Ltran were set to 0.25 µm and 75 µm, respectively. The maximum ηmc is reduced
as Wbase increases, but an ηmc over 95% was obtained for Wbase ≤ 2 µm at LEC ≥ 100 µm. The
oscillations and reduced ηmc for Wbase = 2 µm suggest power coupling into higher-order modes
and power dissipation in the adiabatic transition to the fundamental modes in SiN1. We calculated
neff for other wavelengths and verified that mode hybridization is possible for λ ≥ 405 nm at
a Wbase ≥ 0.94 µm (see Supplement 1, Fig. S5). We also verified that Wbase has a negligible
influence on the ηmc at this wavelength range within the Wbase range of [0.94, 2.00] µm.

https://doi.org/10.6084/m9.figshare.16622032
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Fig. 5. Measurement of interlayer transition loss. (a) A schematic showing the SiN2-
SiN1 interlayer transition cutback structure. (b) Optical micrographs of cutback structures
incorporating interlayer transitions under measurement at different visible wavelengths. (c)
Measured interlayer transition losses at different visible wavelengths.

 

 Fig. 6. Relative coupling loss with respect to that at the optimal fiber-to-chip alignment,
as a function of fiber misalignment for (a) a reference single-layer tapered edge coupler
and (b) a bi-layer edge coupler (WEC: 0.24± 0.02 µm, LEC: 200 µm, Wbase: 1 µm) at TM
polarization. Contour plots as a projection of the 3-D plots are also shown at the bottom for
an easy comparison.
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2.3. Effect of SiN2-SiN1 transition length (Ltran)

In this subsection, we optimized the SiN2-SiN1 transition length (Ltran). The same EME
calculation was used. Here WEC = 0.25 µm and LEC = 200 µm to ensure an optimal power
transmission at other parts of the coupler and thus the obtained total power transmission can be
equivalent to the SiN2-SiN1 transition efficiency (ηil). An ηil > 96% was observed independent
of Wbase for Wbase ≤ 2 µm at a short Ltran ≥ 20 µm [Fig. 3(d)]. Cutback test structures containing
different numbers of SiN2-SiN1 transitions at Ltran of 25 and 75 µm were measured to extract
the transmission efficiency of a single SiN2-SiN1 transition. A detailed illustration on the
measurement setup and procedures can be found in Section 3. The measurement results agree
well with the calculation results. Therefore, we selected bi-layer coupler test structures with
Ltran= 75 µm for the subsequent measurements.

Finally, to calculate the final coupling efficiency of the couplers, we multiply ηpc [Fig. 2(c)]
and ηmc [Fig. 3(b)] as a function of WEC at an optimized Wbase = 0.75 µm, LEC = 200 µm and
Ltran= 75 µm. The coupling efficiency is then converted to coupling power loss (dB/facet) and
the results are shown as the hollow points with solid lines in Fig. 4(c). A minimum coupling loss
of ∼1 dB/facet is calculated for TE and TM at a WEC of ∼0.15 and ∼0.20 µm, respectively. The
decreasing coupling loss with decreasing WEC at a wider WEC is due to the improved fiber-to-tip
coupling [see Fig. 2(c)], while the increasing loss with decreasing WEC at a narrower WEC can
be explained by the reduced ηmc along the SiN2 inverse taper [see Fig. 3(b)]. The simulated
coupling loss spectrum of the edge coupler with WEC of ∼0.24 µm is included in Supplement 1,
Fig. S3. The design of bi-layer edge couplers comprising other materials and operating at other
wavelengths can similarly follow the above principles, and a minimum coupling loss can occur at
an inverse taper width where the trade-off between ηpc and ηmc is established.

3. Characterization of edge couplers

3.1. Measurement setup and methods

The couplers were characterized using a supercontinuum white light laser (NKT SuperK
Extreme) and a continuous-wave multi-wavelength source (Coherent OBIS Galaxy). For the
supercontinuum laser, a narrowband tunable optical filter (Photon etc. LLTF CONTRAST) was
used to select specific wavelengths. We verified that the two light sources at a same wavelength
resulted in similar measurement results, so the results can be directly compared irrespective of
the light sources used (see Supplement 1, Fig. S1). Cleaved Nufern S405-XP single-mode fiber
coupled the light into and out of the chip and guided the output to an optical power detector
(Newport 818-SL-L) and meter (Newport 2936-R) for data collection. Both the fiber ends
were mounted on 5-axis piezo-controlled micromanipulators for accurate alignment to the edge
couplers. The alignment was computer controlled. In addition, a polarization controller (Thorlabs
CPC900) was inserted into the input fiber path to control the polarization of the light into the
couplers. To obtain the coupling loss, test structures with bi-layer couplers at both facets of the
chip were measured [Fig. 4(a) top]. The coupling loss was obtained as (Pout-Pprop-Pin)/2 (in dBm),
where Pin and Pout denote the optical power into and out of the chip, and Pprop is the propagation
loss in the 1.2-mm long SiN1 waveguide between the two couplers. SiN1 propagation losses
measured at different wavelengths were summarized in Supplement 1, Fig. S2. At λ= 488 nm,
Pprop is 4.0± 0.4 dB/cm for TM and 5.6± 0.5 dB/cm for TE for 0.38-µm wide waveguide. As a
comparison, single layer (SiN1) tapered edge couplers were also designed and tested, where the
taper was narrowed from 5.2 µm at the coupling facet to Wwg over a length of 400 µm [Fig. 4(a)
bottom]. Figure 4(b) shows an optical micrograph of a bi-layer coupler test structure under
measurement at λ= 488 nm.

The cutback method was utilized to characterize the SiN1 propagation loss and SiN2-SiN1
transition loss. Figure 5(a) shows a schematic of the SiN2-SiN1 interlayer transition cutback

https://doi.org/10.6084/m9.figshare.16622032
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structure, where Wbase = 0.75 µm. Wwg = 0.38 µm was used in the cutback structures for
measurements at λ= 405, 445, 488 and 532 nm, while Wwg = 0.52 µm was used for λ= 594 and
640 nm. LSiN2 = 5 µm denotes the length of SiN2 waveguide between the SiN1-SiN2 and SiN2-
SiN1 transitions. Measurements of the cutback structures containing the SiN2 waveguides found
the SiN2 propagation loss to be negligible compared to the transition loss. LSiN1 was randomized
to avoid resonant reflections between transitions. Figure 5(b) shows optical micrographs of a
transition cutback structure with input at several wavelengths. In the following, the measured
coupling losses were collected from 3 chips far apart (>10 cm) across the wafer, with one
respective device on each chip. WEC values were determined from TEM cross-sectional images.

3.2. Results and discussion

To verify the calculated coupling loss of the bi-layer SiN couplers (solid lines in Fig. 4(c)), the test
structures as in Fig. 4(a) top (Wwg = 0.38 µm) were measured as a function of WEC, where Wbase
(0.75 µm), LEC (200 µm) and Ltran (75 µm) are identical to that in the calculation. The results are
shown as the solid points with dotted lines in Fig. 4(c). The measurement results agree reasonably
well with the calculation results, which validated our design and optimization approach discussed
in Section 2. The lowest coupling loss for TM polarization (3.2± 0.5 dB/facet) was obtained
at a WEC of 0.24± 0.02 µm, and a polarization-insensitive coupling was achieved at a WEC of
0.19± 0.02 µm, where the coupling losses are 3.5± 0.3 and 3.4± 0.8 dB/facet for TM and TE,
respectively. The higher minimum coupling loss compared to simulation can be attributed to the
fabrication-induced imperfections in the coupler structure.

The bi-layer coupler testing structures (LEC = 200 µm, Ltran= 75 µm and Wbase = 1 µm,
Wwg = 0.38 µm) were also measured at several wavelengths (405, 445, 488, 532, 594 and 640 nm)
to characterize the optical bandwidth performance, as shown in Fig. 4(d). A coupler with WEC
of 0.24± 0.02 µm exhibited a coupling loss ≤ 4 dB/facet from λ= 445 to 640 nm, which covers
most of the visible spectrum from blue to red colors. Simulated coupling loss (determined from
ηpc×ηmc, see Section 2) revealed a similar trend with the measurement results [see Supplement 1,
Fig. S3 (a)]. The higher loss at shorter wavelengths was due to the compromised fiber-to-tip
coupling efficiency [see Supplement 1, Fig. S3 (b)]. Hence, a lower coupling loss at the deep
blue and violet wavelengths can be achieved by adopting a narrower WEC. A coupler with a
WEC of 0.14± 0.02 µm had a coupling loss < 4 dB/facet at λ= 405 and 445 nm. Therefore, the
bi-layer coupler design concept can achieve a low-loss coupling ≤ 4.0 dB/facet at any wavelength
in the visible spectrum. In contrast, the single-layer SiN1 tapered edge couplers exhibited a
∼3–5 dB higher coupling loss per facet across the visible spectrum. Meanwhile, compared to the
performance of state-of-the-art visible-light grating couplers, the bi-layer design also exhibited
a superior coupling efficiency spanning across a wider optical bandwidth. For example, Song
et al. [42] reported coupling losses of 9.1 and 6.8 dB at 532 and 644 nm, respectively, for SiN
grating couplers. Although Arefin et al. [43] declared a similar coupling loss at 450 nm, the
corresponding 3-dB optical bandwidth was limited to ∼30 nm. All these comparisons highlight
the superior overall performance of the bi-layer SiN edge couplers in terms of coupling efficiency
and bandwidth. A detailed summary of the measured coupling loss as a function of WEC and
LEC at different wavelengths can be found in Supplement 1, Fig. S4.

Figure 5(c) shows the measured SiN2-SiN1 transition loss at 5 selected wavelengths (405,
488, 532, 594 and 640 nm) across the visible spectrum. The transition loss was < 0.5 dB per
interlayer transition for the measured wavelengths. Furthermore, the transition loss increased
with a decreasing wavelength. This is due to the increase of the lower bound of Wbase with
a decreasing wavelength (see Supplement 1, Fig. S5) for mode hybridization with SiN1. At
λ= 405 nm, the lower bound of Wbase exceeds 0.75 µm, indicating an unmatched phase between
SiN1 and SiN2 during the transition. Therefore, the transition loss at shorter wavelengths can be
further reduced by widening the Wbase.

https://doi.org/10.6084/m9.figshare.16622032
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We further characterized the fiber alignment tolerance of the bi-layer couplers. Figure 6 shows
a comparison of the alignment tolerance at TM polarization at λ= 488 nm between a bi-layer
(WEC = 0.24± 0.02 µm) and a single layer coupler. The contour maps were obtained via scanning
the coupling loss as a function of both the horizontal [x-direction, Fig. 6(a, b) top] and vertical
[y-direction, Fig. 6(a, b) top] displacements of the micromanipulator mounted with the input
fiber. The relative coupling losses and the corresponding fiber misalignment displacements
were then determined with respect to the coupling loss and the micromanipulator position at the
optimal fiber-to-coupler alignment (i.e., the position with lowest coupling loss), respectively.
The bi-layer coupler provides a 1-dB alignment tolerance of ±0.88 µm horizontally (AA’, along
x-direction) and ±1.15 µm vertically (BB’, along y-direction). This is ±0.30 µm wider than
that of the single layer coupler horizontally and ±0.22 µm wider vertically. In addition, the
alignment tolerance is comparable for TE polarization, where the 1-dB tolerance is ±0.20 µm
wider horizontally but ±0.35 µm narrower vertically for the bi-layer coupler (see Supplement 1,
Fig. S6). The corresponding 3-dB tolerance is ±1.60 and ±1.26 µm horizontally, and ±2.05 and
±1.45 µm vertically, for the bi-layer and single layer coupler, respectively, at TM; while at TE,
the 3-dB tolerance is correspondingly ±1.59 and ±1.16 µm horizontally, and ±1.50 and ±2.05
µm vertically.

4. Conclusion

In conclusion, we have demonstrated low-loss and broadband bi-layer SiN edge couplers operating
in the visible light spectrum. The bi-layer approach alleviates the trade-off between the fiber
coupling efficiency and on-chip integration density. Key dimensional parameters determining the
coupling efficiency of the bi-layer coupler have been discussed and optimized. A lower bound on
Wbase is required to facilitate a low-loss interlayer transition. Simulation finds that the coupling
efficiency depends on the trade-off between ηpc and ηmc. Measured coupling loss at λ= 488 nm
as a function of WEC agreed well with simulations. A low coupling loss ≤ 4 dB/facet has been
observed across the visible spectrum, in which the SiN2-SiN1 interlayer transition accounted
for < 0.5 dB of the loss. The coupling loss was ∼3–5 dB lower compared to single layer SiN1
tapered edge couplers. In addition, the bi-layer coupler exhibits a superior alignment tolerance
compared to the single layer coupler at TM polarization. The results show that the bi-layer SiN
edge couplers are promising for many PIC applications across the visible spectrum. The design
can be extended to other combinations of materials in the bi-layer structure, and potentially to
multi-layer structures, for coupling with visible-light fibers of different MFDs.
Disclosures. The authors declare no conflicts of interest.
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