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Abstract. We present a method to passively edge couple multiple optical fibers with silicon
nitride waveguides in the visible wavelengths. We efficiently convert the fiber mode to the wave-
guide mode using an inverse taper mode size converter and support passive alignment using
a U-groove that centers the optical fiber to the inverse taper. In our prototypes, we measure
a coupling efficiency of −4.2 dB per facet. To reduce light leakage to the silicon substrate, we
use a 6-μm oxide layer, which also eliminates the additional processes of undercutting the silicon
substrate underneath the waveguide. Furthermore, the U-groove structure has a polished edge
surface for coupling, reducing the steps of edge polishing the die. Fabrication of this visible-
range edge coupler is complementary metal–oxide–semiconductor-compatible, making it a
highly scalable method for passively packaging multiple visible-range integrated photonics devi-
ces. © The Authors. Published by SPIE under a Creative Commons Attribution 4.0 Unported License.
Distribution or reproduction of this work in whole or in part requires full attribution of the original pub-
lication, including its DOI. [DOI: 10.1117/1.JNP.14.046018]
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1 Introduction

There is growing interest in silicon photonics devices due to their scalability and compatibility
with the complementary metal–oxide–semiconductor (CMOS) processes. This growing interest
is moving beyond telecommunication and data center sectors in the infrared wavelength, onto
applications such as biosensing, optogenetics, and medical imaging in the visible wavelengths.1,2

For optogenetics, visible light is used to modulate neurons using light-activated proteins3–6 and
to expose different engineered cell lines to release therapeutic protein or drugs in vivo.7–9

In addition, visible photonic platform can facilitate lab-on-chip spectroscopy, super-resolution
microscopy, miniature endoscopy, and cytometry.10–13

A key aspect of using silicon photonics devices is coupling the light source from the fibers
onto the nanometer-scale waveguides. Coupling methods are categorized into two groups: out-
of-plane vertical coupling with grating couplers and in-plane coupling with edge couplers.14,15

Grating couplers have a simpler fabrication process and higher alignment tolerance. However,
they have a lower efficiency and narrower bandwidth. Edge couplers have large bandwidth and
higher coupling efficiency, but the fabrication and assembling steps are more complex, involving
polishing of the chip sides and high-precision alignment.

There has been tremendous research on edge coupling in the infrared range. In particular, a
mode converter made with an inverse tapered waveguide is the most common edge coupling
method to guide light from fiber onto the nanometer-sized waveguide with a low insertion
loss.16–18 The inverse taper confines the large mode profile from the fiber onto the waveguide
using a small effective index tip. Despite this advance, the packaging process often requires
a time-consuming active alignment process to center the fiber to the inverse taper, which limits
the scalability and increases the packaging cost.
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Passive alignment structure for edge coupling in the infrared range was first proposed by Park
et al.19 They deep etched a U-groove for passive alignment to edge couple onto a polymer-
based waveguide. Such design does not need mode conversion because the polymer waveguide
dimension is in the micron range, similar to that of the fiber, with mode profiles of the same
dimensions.19,20 Galan et al.21 later proposed to combine the passive alignment setup with a
nanometer-scale silicon waveguide. They etched a V-groove using KOH (potassium hydroxide)
in conjunction with an inverse taper silicon waveguide. However, precise dimension of the
V-groove is hard to control because KOH also etches the silicon oxide mask.21

The focus of this paper is on visible range edge coupling. Silicon nitride waveguide is used
here because silicon absorbs light at the visible range. Silicon nitride can transmit a broad wave-
length of light, from the visible to the infrared range. There has been a limited number of papers,
specifically on such topic. Ong et al.22 designed and simulated a double-tip multimode interference
coupler. There are some recent works on visible-range silicon photonics neural probes that imple-
ment edge and grating couplers. Mohanty et al. edge coupled a fiber onto a silicon nitride wave-
guide without the use of a mode size converter, and the device has an insertion loss of 16 dB.3 Wu
et al.23 and Shin et al.24 use U-groove for passive edge coupler alignment in conjunction with
micrometer-dimension low refractive index waveguide to mode-match with the fiber. Their mea-
sured coupling losses are more than 10 dB. Segev et al.25 used grating couplers to couple visible
light into their neural probes for photostimulation, with a measured coupling loss of ∼16 dB.

Here, we present a passively aligned edge coupler in the visible range with a low insertion
loss. This work integrates the spot size converter design with U-groove passive alignment setup
to facilitate the fiber-to-waveguide coupling process.

2 Simulations

A mode size converter is the main component of a low-loss edge coupler. It is composed of
an inverse taper with a thin initial tip that gradually increases to the width of the waveguide.
The small effective index of the taper tip delocalizes the light, forming a large mode profile that
mode matches with the visible range fiber, which has a typical mode field diameter of 5 μm.
To determine the optimal inverse taper length of the mode size converter, we used the Lumerical
Eigenmode expansion (EME) solver to sweep through a range of inverse taper tip widths and
taper lengths. Three wavelengths are simulated and shown in Figs. 1(a) and 1(b) for design
guidance. In Fig. 1(a), the taper tip was swept to determine the power overlap efficiency of the
single mode fiber and the inverse taper. Our design for the experimental 635-nm inverse taper
device has an initial tip width of 90 nm that increased to 300 nm waveguide width to maintain the
single mode confinement. In Fig. 1(b), the optimal taper length is simulated with taper length
from 0 to 2000 μm, with the corresponding normalized transmission shown. The inset in
Fig. 1(b) illustrates the shape of the inverse taper design. Our taper length is 1000 μm for high
transmission while maintaining a relatively small device footprint.

To demonstrate the mode conversion, we used the Lumerical 3D finite-difference time-
domain (FDTD) simulation. The beam propagates from an SMF onto the mode size converter,
as shown in the top-down view in Fig. 1(c). The corresponding mode intensity progression can
be seen in the FDTD mode profiles in Figs. 1(d)–1(f). The large mode profile of the fiber was
gradually confined into the waveguide.

3 Fabrication

The fabrication process was done on a 150-nm stoichiometric low-pressure chemical vapor sil-
icon nitride layer on a 6-μm thick oxide, shown in Fig. 2(a). A thick layer of oxide was used to
minimize light leakage from the SMF to the silicon substrate. Previously, Chen et al.26 performed
a multiple-step process to selectively etch the silicon substrate at the bottom of the waveguide to
form a cantilever structure. Such process was important because with the standard box layer of
2 μm, the beam leaks into the silicon substrate unless one uses a lensed fiber.

First, the tapered mode size converter was patterned using electron-beam lithography. The
pattern was then transferred to the silicon nitride device layer by reactive ion plasma etching
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(RIE), shown in Fig. 2(e). Following that, U-grooves (125 μm wide and 6500 μm long), center-
aligned with the tapered waveguides with 200-nm gap in-between, were defined by a lift-off
process with 250-nm-thick evaporated chromium hard mask, as shown in Fig. 2(f). Gold align-
ment markers were used for this multistep fabrication process. A 200-nm spacing was designed
between the SMF and the waveguide to protect the waveguide during the U-groove etching
process.

To create a U-groove depth of 62.5 μm to fit the fiber, inductively coupled plasma-RIE with
fluorine-based recipe was used to etch the 6-μm-thick oxide layer, and SF6 recipes were used

Fig. 1 (a) EME sweep of the inverse taper tip width and the corresponding power overlap effi-
ciency. (b) EME sweep of the taper length from 0 to 2000 μm, with the corresponding coupling
efficiency. The inset schematic illustrates the shape of the inverse taper design. (c) The top-down
view of the mode profile progression as the mode size converter gradually confines the beam
from the SMF. (d) The mode profile of the beam along the mode size converter at the fiber.
(e) The mode profile at x ¼ 20 μm. (f) The mode profile at x ¼ 200 μm. (g) The mode profile
at x ¼ 1000 μm.
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to etch 56.5 μm of the silicon substrate, as shown in Fig. 2(g). To attain a high etch-depth pre-
cision, the Bosch process is first applied to etch the U-groove until ∼60 μm, followed by a
slower silicon etch recipe using SF6 and oxygen at 200 nm per minute to get to 62.5 μm depth.
Across the sample, 200-nm depth variation was measured at different U-grooves due to the slight
nonuniformity of the dry etching process. Ultimately, chromium was removed to uncover the
silicon nitride waveguide, as shown in the dotted rectangle in the figure.

4 Measurement and Discussion

The fabricated device was characterized using a Fabry–Perot benchtop laser source with 635-nm
wavelength (Thorlabs S1FC635) 2.5 mW power, visible range SMFs, CMOS camera (Imaging
Source DFK 72BUC02), and a visible range power meter (Thorlabs PM100D with sensor

Fig. 2 (a) The wafer structure with 150-nm silicon nitride, 6 μm of SiO2, and the silicon substrate
layer. (b), (c) Gold alignments are placed with a lift-off process. (d), (e) The inverse tapered wave-
guide was defined using electron beam lithography and RIE etch. (f), (g) The U-groove was
defined with a lift-off process and hard masked with chromium for deep etching. (h) The hard mask
was stripped with chromium etchant.
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S120C). The SMFs are aligned to the U-groove using three-axis nanostage manipulators
(Thorlabs MAX313D), and ultraviolet (UV) epoxy (Norland Optical Adhesive NOA 85) is used
to create a matching refractive index upper cladding before transmitting light through the wave-
guide. The UVepoxy has a transmission of 100% in visible spectrum range and it also seals off
any gap between the fiber and the U-groove. The refractive index of the UV epoxy is ∼1.46,
matching to the thermal oxide bottom cladding layer; this allows the mode at the inverse taper tip
to match with that of the fiber.

The U-groove structure has a polished edge surface, reducing the steps of edge polishing the
die. The scanning electron microscope (SEM) image of the U-groove and the waveguide is
shown in Fig. 3(a). The inset image Fig. 3(b) shows the magnified view of the U-groove and
the waveguide. The edges of the U-groove are perpendicular to the wafer surface and have rel-
atively smoother surfaces compare with the bottom because C4F8 gas was used to passivate the
sidewall. The roughness of the bottom is measured to be <100 nm.

The experimental result is shown in Fig. 4. The input laser source is launched onto the device
via a fiber from the right, and the device output is connected to a power meter through a fiber to
the left, as shown in the camera image in Fig. 4(b). The diced sample has 18 U-grooves and the
index-matching UV epoxy is used to secure the fibers. In Fig. 4(a), the top-down microscope
image during the fiber alignment process into the U-groove is demonstrated. Figure 4(c) shows
the top-down microscope image of the corresponding S-bend silicon nitride waveguide trans-
mitting the 632-nm laser. The S-bend is to ensure that the light is guided by the waveguide,
instead of traveling simply through the UV epoxy.

To determine the insertion loss of the edge couplers, we measured the end-to-end loss
between the two edge-coupled fibers and propagation loss along the waveguide. Since the total
end-to-end loss is the combination of insertion loss (at the input and output) and the propagation
loss, we can compute the total insertion loss as the difference between end-to-end loss and the
propagation loss. To measure the propagation loss of the waveguide, a microscope was used to
acquire the scattering intensity as a function of the waveguide length for scattering analysis.27,28

The microscope was moved along the waveguide with a three-axis translational stage, and the

Fig. 3 The SEM image of a U-groove, with etched depth of 62.5 μm. (a) The U-groove is center-
aligned with the inverse-tapered waveguide for optimal coupling. (b) The inset shows a magnified
view of the U-groove and the waveguide.
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propagation loss was measured by continuously acquiring images of the illuminated waveguide
along the propagation distance. The CMOS camera was set to have a longer exposure time to
avoid pixel saturation. The scattering analysis result is shown in Fig. 5(a), where the relative
intensity is referenced to the first image, and the propagation distance is 2100 μm. The measured
propagation loss is 7.4 dB∕cm at 635 nm wavelength. The experimentally measured insertion
loss of the edge coupler is then calculated from the end-to-end loss to be a value −4.2� 0.3 dB

per facet based on measurements from six devices. The measured data are shown in Fig. 5(b).
This high coupling efficiency is demonstrated here not only because of the optimal alignment

using the U-groove but also because of the high alignment capability of the electron-beam

Fig. 5 (a) Scattering analysis is used to determine the propagation loss. The relative intensity of
each data points represents the intensity at each image along the propagation distance. The rel-
ative intensity of each point is referenced to the first image closest to the input. (b) The measured
insertion loss of the six devices.

Fig. 4 (a) The top-down microscope image of the fiber alignment onto the U-groove. (b) Camera
image of the setup. (c) The microscope image of the illuminated S-bend waveguide.
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lithography system of <20 nm. With deep UV lithography system, the alignment difference
could be up to 1 μm. Such difference would cause significant coupling loss due to light leakage
and mode mismatch.

5 Conclusion

We demonstrated a passively aligned edge coupler in the visible range with a low insertion loss.
The passive alignment reduces alignment time, eliminates the need to edge polish the sample,
and allows for multiple optical fibers to edge couple with silicon nitride waveguides at wafer
scale. This development allows for cost reduction and miniaturization of current surgical or
medical imaging tools and facilitates the development of biosensing, optogenetics, and quantum
optics. This passive alignment U-groove structure can be applied to a silicon-on-insulator setup
for edge coupling in the infrared range.
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