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A simple low-loss fiber coupling structure consisting of
a Si inverted-taper waveguide and a 435 nm wide and
290 nm thick SiN waveguide was fabricated with fully
complementary metal-oxide semiconductor (CMOS)-
compatible processes. The small SiN waveguide can
expand to the optical field corresponding to a fiber with
a mode-field diameter of 4.1 µm. The fiber-to-chip cou-
pling losses were 0.25 and 0.51 dB/facet for quasi-TE and
quasi-TM modes, respectively, at a 1550 nm wavelength.
Polarization-dependent losses of the conversion in the Si-
to-SiN waveguide transition and the fiber-to-chip coupling
were less than 0.3 and 0.5 dB, respectively, in the wavelength
range of 1520–1580 nm. ©2020Optical Society of America

https://doi.org/10.1364/OL.388267

An interminable challenge we face in bringing silicon (Si)
photonics platforms into practical use is how to realize a Si
waveguide structure that efficiently couples with an optical
fiber, while keeping the compatibility with the standard com-
plementary metal-oxide semiconductor (CMOS) fabrication.
The core dimensions of a Si waveguide are significantly smaller
than those of a typical optical fiber. Therefore, the coupling loss
is large due to mode-field mismatch. Among many approaches
to solving issues on coupling between the optical fiber and Si
waveguide, or fiber-to-chip coupling, grating couplers and
edge couplers are generally implemented [1–15]. Grating
couplers are attractive as wafer-level testing using single-mode
fibers, but usually suffer from a small bandwidth and strong
polarization dependence for coupling efficiency [1–3]. On the
other hand, double-core fiber-chip edge coupling structures
consisting of a Si inverted-taper waveguide and some secondary
waveguides made of a low-refractive-index material are widely
used because they provide high-efficiency, low-polarization
dependence and wide-bandwidth optical coupling (see for
example [3–15]). High numerical-aperture (NA) single-mode
fibers and/or lensed fibers are widely used for coupling with the
edge couplers in order to best match the mode fields. The high
NA fiber, in particular, has already been in production world-
wide and is becoming popular in the market. Its mode-field

diameter (MFD) is typically around 4 µm at the wavelength of
1550 nm. It is worthwhile to design fiber coupling structures
that efficiently couple with such a fiber. In the double-core
structures, the optimum core dimensions of the secondary
waveguide, such as the one made from silicon-rich silica [4–6],
silicon oxynitride (SiON) [7–9], and alternately stacked silicon
nitride and silicon dioxide (SiN/SiO2) [10], are determined,
depending on the MFD of the optical fiber. Since the core
dimensions can reach several micrometers, thick-film depo-
sition and etching are required, which are not supported in
standard CMOS processes. Moreover, a thick secondary core is
incompatible with multiple metal layers for flexible electronic
interconnects. A SiN waveguide-based edge coupler fabricated
by CMOS-compatible processes [11] provided low-loss inter-
layer transition, but would be required further improvement in
optical coupling because the optical field at the edge is tightly
confined in the core. A multi-rod coupling structure composing
multiple SiN secondary waveguides [12] might increase the
effective core size of the secondary waveguide and allow elec-
tronic interconnect layers to be inserted between SiN layers.
However, this approach involves very complicated processes,
which decrease manufacturing efficiency considerably. In
addition, a total thickness of the multi-rod coupling structure
is beyond those allowed in standard CMOS process, where
sub-micrometer-size structures, such as multilayer electronic
interconnections and Si/SiN photonic waveguides, should
be fabricated in a few micrometer thick layer (2–3 µm) [16].
Although a thinner coupling structure based on an inverted-
taper secondary SiN waveguide is also proposed [13], it requires
a non-CMOS-compatible process for undercutting the Si han-
dle wafer to prevent an optical leakage into the substrate. As a
simpler and fully CMOS-compatible fiber coupling structure,
we previously proposed one using a thin SiN waveguide with
very weak optical confinement, which can efficiently expand the
optical field [15].

In this Letter, we fabricated this fiber coupling structure by
the in-house 300 mm wafer standard CMOS processes with
ArF immersion and KrF lithography, and confirmed, to the best
of our knowledge, the lowest coupling loss ever reported, and
low-polarization dependence.
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Fig. 1. Demonstrated fiber coupling structure: (a) schematic
diagram; (b) and (c) cross-sectional STEM images.

Figure 1(a) shows the schematic diagram of the fiber coupling
structure. It consists of a thin SiN waveguide and a Si inverted-
taper waveguide with a SiO2 spacer layer inserted between
them. The SiN waveguide has a very small sub-micrometer
core, which can expand the optical field enough for efficient
fiber coupling. The optical field enlarged in the SiN waveguide
can be adiabatically transferred to a Si waveguide through the
Si inverted-taper waveguide. Moreover, the SiO2 spacer can
suppress the optical leakage into the Si substrate, because the
SiN waveguide is away from the substrate. The structural design
is mainly based on that in our previous work [15]. However, the
structural design should be modified so as to satisfy the process
guidelines of a fully CMOS-compatible fabrication process. To
keep from damaging the photonic and electronic device built-in
SOI layer, the SiN film should be deposited by low-temperature
plasma-enhanced chemical vapor deposition (PECVD), and the
thickness of the SiN film should be around or less than 300 nm.
Moreover, the refractive index of the SiN film deposited by
PECVD is generally lower than that of a stoichiometric SiN,
and is around 1.93 for our SiN film. Taking these realistic
parameters into consideration, we determined that the width
and thickness of the SiN waveguide should be 400 and 280 nm,
respectively, which provides efficient fiber-to-chip coupling for
an MFD of 4.1µm for both the quasi-TE and quasi-TM modes.

To experimentally examine the device performance with rela-
tion to the fiber-to-chip coupling, we fabricated the fiber
coupling structure using a 300 mm wafer fully CMOS-
compatible process. First, the Si waveguide was fabricated
on the SOI substrate with a 3 µm thick buried oxide layer by
using ArF immersion lithography in which a standard deviation

of line width is less than 1 nm on an entire wafer surface [17].
The typical core width and thickness are 440 and 220 nm,
respectively. The length of the Si inverted-taper is 300 µm,
and the tip width is 80 nm. These taper length and tip width
of the Si waveguide can guarantee the efficient conversion at a
waveguide transition. Next, the SiO2 spacer layer was deposited
by low-temperature PECVD, and its thickness was reduced to
around 1 µm by chemical mechanical polishing. After that, a
SiN film was formed by low-temperature PECVD. The SiN
waveguide was fabricated by KrF lithography. Finally, the SiN
waveguide was covered with a 3 µm thick SiO2 overcladding.
Figures 1(b) and 1(c) show scanning transmission electron
microscopy (STEM) images of cross sections of the fiber cou-
pling structure around the Si inverted-taper tip [marked by (b)]
and the Si waveguide [marked by (c)], respectively. The tip and
typical core widths of the Si waveguide are almost the same as
those in the design. The thickness of the fabricated SiN core is
290 nm. The SiN waveguide has a trapezoid core, in which the
upper and lower base widths are 340 and 530 nm, respectively,
with an average of 435 nm. Although a few tens of nanometer
fabrication errors exist, they would have almost no influence on
device performance because of the large fabrication margins in
the design [15].

The fabricated device wafer was diced into separate chips by
stealth laser dicing and breakage. Infrared light emitted from
an amplified spontaneous emission light source was guided
by a single-mode fiber into a polarization controller to deter-
mine the quasi-TE and quasi-TM modes. For external optical
coupling to a Si photonics chip, a high NA single-mode fiber
with an MFD of 4.1 µm can be used, which can connect to
an ordinary single-mode fiber with an optical loss of less than
0.1 dB by applying a thermal expansion core technology [14].
Each polarized light was fed into the Si waveguide by butt-
coupling between the optical fiber and the SiN waveguide at
the chip edge. In addition, to eliminate reflection and scattering
losses at a slight air gap between them, the gap was filled with a
matching oil whose refractive index is 1.45 at the wavelength of
1550 nm. The wavelength of the guided light ranged from 1520
to 1580 nm, which includes wavelengths in the C band. We
measured the transmission properties of the Si waveguide with
the fiber coupling structure using an optical spectrum analyzer.
The measured spectra were normalized by the spectrum of the
butt-coupling between the input and output fibers. All the Si
waveguides composed 20 waveguides bent at 90◦ with a 20 µm
radius. The 90◦ bend losses at the wavelength of 1550 nm were
0.007 and 0.017 dB/bend for the quasi-TE and quasi-TM
modes, respectively, and the wavelength dependence was slight.
Therefore, we subtracted the spectra of the total loss of the 20
bends from the measured transmission spectra.

To evaluate the propagation losses of the Si waveguide and
the fiber-to-chip coupling losses, we used a standard cut-
back method with different Si waveguide lengths. Figure 2(a)
shows the transmittance of the Si waveguides with respect
to waveguide length. The transmittance was averaged in the
wavelength range of 1550–1551 nm, and bending losses were
subtracted. The propagation losses of the Si waveguide are
0.9 and 1.5 dB/cm for the quasi-TE and quasi-TM modes,
respectively. The vertical intercept of the linear fitting repre-
sents the coupling loss between the fiber and the Si waveguide
for the two facets. Therefore, the fiber-to-chip coupling losses
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Fig. 2. (a) Transmittance of the Si waveguide as a function of waveguide length, (b) spectra of transmission per length, and (c) spectra of fiber-to-
chip coupling efficiency.

Fig. 3. (a) Transmittance of the Si waveguide with a number of waveguide transitions, (b) spectra of conversion efficiency at Si-to-SiN waveguide
transition per transition, and (c) spectra of fiber-to-chip coupling efficiency.

per facet are estimated to be 0.25 and 0.51 dB for the quasi-
TE and quasi-TM modes, respectively. By applying the same
evaluation procedure to the entire measured spectral range, we
evaluated the wavelength dependence of the coupling efficiency.
Figure 2(b) shows propagation losses, which are around 1.0 and
1.5 dB/cm for the quasi-TE and quasi-TM modes, respectively,
and remain flat over the wavelength range of 1520–1580 nm.
Figure 2(c) shows the fiber-to-chip coupling efficiency evaluated
from the results of the waveguide cutback measurement. The
coupling losses for the quasi-TE and quasi-TM modes are less
than 0.3 and 0.7 dB/facet, respectively, in the wavelength range
of 1520–1580 nm.

Moreover, we evaluated the temperature dependence of trans-
mission losses. The temperature range in the measurement was
10–70◦C, and the wavelength range was 1550–1551 nm. The
experimental results demonstrated that the propagation losses
of the Si waveguide were insensitive to the temperature, and the
fiber-to-chip coupling losses slightly varied. The variation of
coupling losses was less than ±0.1 dB with respect to the room
temperature reference (25◦C), and we have confirmed a very
small temperature dependence of the device performance.

The fiber-to-chip coupling loss includes conversion loss at
the Si-to-SiN waveguide transition and coupling loss between
the SiN waveguide and fiber. To break down the losses in detail,
we evaluated the conversion loss at the Si-to-SiN waveguide
transition using Si waveguides arranged in different numbers
of conversion structures. Figure 3(a) shows the transmittance
of Si waveguides with respect to the number of waveguide
transitions. The transmittance was averaged in the wavelength
range of 1550–1551 nm. Propagation and bending losses in
the Si waveguide were also subtracted. Estimated conversion
losses per transition are 0.12 and 0.31 dB for the quasi-TE and

quasi-TM modes, respectively. The vertical intercept of the lin-
ear fitting in Fig. 3(a) also represents the fiber-to-chip coupling
loss for the two facets. The fiber-to-chip coupling losses per
facet are estimated to be 0.24 and 0.51 dB for the quasi-TE and
quasi-TM modes, respectively. These fiber-to-chip coupling
losses completely agree with the ones estimated by the cutback
method [see Fig. 2(a)].

Here we compared these experimental results with calculated
ones for the designed fiber coupling structure. The calculated
conversion losses per transition are obtained to be 0.12 and
0.32 dB for the quasi-TE and quasi-TM modes, respectively,
and they almost agree with the experimental results. The cal-
culated fiber-to-chip coupling losses per facet are obtained to
be 0.30 and 0.42 dB for the quasi-TE and quasi-TM modes,
respectively. The slight variation of less than ±0.1 dB might
be caused by the trapezoid core of the SiN waveguide and the
optical leakage into the Si substrate. A few tens of nanometer
fabrication error did not influence the device performance.

Figure 3(b) shows the spectra of conversion loss at Si-to-SiN
waveguide transition per transition, which are less than 0.2 and
0.4 dB for the quasi-TE and quasi-TM mode, respectively, in
the wavelength range of 1520–1580 nm. Figure 3(c) shows the
fiber-to-chip coupling efficiency evaluated from the results of
the conversion loss measurement. The results in Fig. 3(c) are
almost the same as those evaluated from the waveguide cutback
measurement [see Fig. 2(c)]. Although the spectra in Figs. 2(c)
and 3(c) have similar noise structures, these noises mainly
originate from the ones of the propagation and bending losses
commonly subtracted in coupling efficiency derivation. The
coupling losses for the quasi-TE and quasi-TM modes are less
than 0.3 and 0.7 dB/facet, respectively, in the wavelength range
of 1520–1580 nm.



2098 Vol. 45, No. 7 / 1 April 2020 /Optics Letters Letter

Fig. 4. Results of alignment tolerance measurement for the (a) TE
mode and (b) TM mode.

From these results, we estimated the polarization-dependent
loss (PDL) of the conversion in the waveguide transition and
the fiber-to-chip coupling to be less than 0.3 and 0.5 dB, respec-
tively, in the measurement wavelength range. The conversion
loss for the quasi-TM mode is slightly larger than that for the
quasi-TE mode because the tip of the Si inverted-taper is too
wide (80 nm). The PDL of fiber-to-chip coupling is larger than
that of conversion in waveguide transition at wavelengths above
1560 nm. In this wavelength range, mode mismatch between
the fiber and the SiN waveguide might contribute to the PDL.

We also measured the fiber alignment tolerances, which
are shown in Fig. 4. The input optical fiber was moved in the
horizontal or vertical direction, while the output fiber was kept
in alignment. The 1 dB alignment tolerances in the horizontal
and vertical directions are approximately ±0.9 µm for both
polarization modes.

To confirm a feasibility of the fiber coupling structure to a
standard single-mode fiber with a 10 µm MFD, we evaluated
the fiber-to-chip coupling losses for a SMF-28. The coupling
structure was the same as those designed for a 4.1 µm MFD.
The fiber-to-chip coupling losses were estimated to be 2.9 and
2.1 dB/facet for the quasi-TE and quasi-TM modes, respec-
tively. A numerical calculation suggested that the fiber-to-chip
coupling loss is mainly determined by the coupling between
the fiber and the SiN waveguide, and indicated that it can be
reduced to less than 0.7 dB by reducing the core size of the
SiN waveguide to 320 nm wide and 280 nm thick. Therefore,
optimization of structural parameters, such as the tip width
and length of the Si taper waveguide and spacer thickness, and
careful treatment of optical leakage into the Si substrate would
make this extremely simple structure applicable to the coupling
of a fiber with a 10µm MFD.

In conclusion, as an efficient, practical, and fully CMOS-
compatible fiber-to-chip coupling structure for Si photonics
platforms, we experimentally demonstrated a low-loss and low-
polarization-dependent coupling structure consisting of a small
SiN waveguide and Si inverted-taper waveguide. For the single-
mode fiber with a 4.1 µm MFD, the fiber-to-chip coupling

losses at the wavelength of 1550 nm are 0.25 and 0.51 dB/facet
for the quasi-TE and quasi-TM modes, respectively. Moreover,
the applicable bandwidth exceeds 60 nm with a coupling loss of
less than 0.7 dB maintained.
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