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Subwavelength-Structured High-Efficiency
Nanophotonic Coupler for Air Top-Cladded
Silicon Waveguide

Yuhan Sun, Ting Li, Peiji Zhou, and Yi Zou

Abstract—Efficient coupling between an optical fiber and silicon
waveguide has been a major practical challenge for silicon photon-
ics since the first day due to the huge mode size mismatch between
them. In this paper, we propose a subwavelength structured edge
coupler for efficient coupling light into/out from air top-cladded sil-
icon waveguides. Through refractive index engineering, we demon-
strate a single-step patterned coupler with a coupling loss of ~2.5
dB for the wavelength range from 1.5 pm to 1.65 pm.

Index Terms—Subwavelength, edge coupler, silicon photonics.

I. INTRODUCTION

UE to the huge mode size mismatch between an optical

fiber and an on-chip silicon waveguide, efficient coupling
between them is always a big challenge for silicon photonics.
Grating couplers [1]-[5] and mode size converter (MSC)-based
edge couplers [6]-[18] are widely used for solving this issue.
Compared with grating couplers, MSC-based edge couplers
provide higher efficiency and broader bandwidth. This type
of couplers usually expands the guiding mode size to match
the fiber mode by gradually taper down the waveguide widths
[12]-[14] or spatial splitting light into multiple closely-packed
channels, namely trident structure [15],[16], biconical structure
[17], and double trident structure [18]. Recently, subwavelength
structures [19]-[21], which can provide an artificial equivalent
refractive index by adjusting its duty cycle, have attracted a lot of
interest. Subwavelength structured MSC-based edge couplers,
which can circumvent the fixed value of the refractive indices
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of the constituent materials in integrated photonics, have been
demonstrated [18], [22]-[24]. All of these structures typically
require small waveguide width for expanding the mode size and
an additional top layer, such as Polymer, SizNy, SiON, SiOo,
etc., for preventing guiding mode leakage to the substrate during
the coupling process. However, for certain applications, such as
sensing applications, an edge coupler with air top cladding is
desired, which challenges the current approaches.

In this paper, we propose an MSC-based edge coupler to effi-
ciently couple light from an optical fiber to a silicon waveguide
with air top cladding. Subwavelength structures are employed to
form a single-step patterned edge coupler, featuring a coupling
loss of ~2.5 dB for the wavelength range from 1.5 um to 1.65

pm,

II. WORKING PRINCIPLE

The coupling loss of the edge coupler is mainly from two
aspects: the first aspect is the loss from mode overlap between
the fiber mode and the mode near the chip facet; the second
one is the conversion loss from a subwavelength waveguide to
a conventional strip waveguide. Therefore, in order to obtain
a better coupling efficiency, we start from mode overlap, 7,
calculation between the fiber and waveguide modes [25]:
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Here F(y,z) is the complex amplitude of the fiber mode and
W(y,z) is the complex amplitude of the waveguide mode, and the
’ symbol represents the complex conjugate. The output mode
profile of a typical lens fiber is plotted in Fig. 1(b), showing
a 3 pum diameter. Considering a standard 220 nm thick silicon
waveguide with arbitrary refractive index, air top cladding, and
SiO5 bottom cladding, we employ the finite-difference eigen-
mode (FDE) solver from Lumerical to scan the TE mode overlap
of waveguides with different widths. From the results shown
in Fig. 1(a), we observe when the waveguide width is within
the range of 2.3-4.8 um and the expected refractive index in
the range of 1.7-1.9, the overlap between the fiber emission
mode reaches a peak, of which a maximized overlap about 59%
happened when the refractive index is 1.79 and the width is
3.84 pm. The corresponding mode profile is plotted in Fig. 1(c).
Therefore, we chose it as the end facet of our coupler. For com-
parison, we also plot mode profiles of a 2 ym wide waveguide
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Fig. 1. (a) Calculated TE mode overlap between the fundamental lens fiber
mode and a waveguide mode as a function of waveguide width, w, and material
refractive index, n. Here we fix the height of waveguides to 220 nm. Simulated
the fundamental optical mode of a lens fiber (b), a waveguide at Point A with n
= 1.79, w = 3.84 um (c), a waveguide at Point B with n = 1.79, w = 2 pum (d),
and a silicon waveguide with n = 3.476, w = 250 nm (e).
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Fig.2. (a)Schematic of the proposed coupler with an artificial lateral cladding.
The red, blue, gray, and white part stands for silicon, an artificial material with
the refractive index of n = 1.79, SiO2, and air, respectively. The coupler width
and height are fixed to 3.84 pm and 220 nm; (b) The top view of the coupler;
(c) The cross-section of the coupler facet.

with n = 1.79 and a 250 nm wide silicon waveguide with n =
3.476 in Figs. 1(d) and (e), respectively, showing much smaller
mode overlap with the typical lens fiber mode in Fig. 1(b).

The next step is to design a taper structure to efficiently convert
the light into a conventional 500 nm wide silicon waveguide.
The proposed coupler is shown in Fig. 2, where the red, blue,
gray, and white part stands for silicon, an artificial material with
the refractive index of n = 1.79, SiO-, and air, respectively.
We keep the surrounding material unchanged and introduce an
inverse silicon taper to gradually convert the light dispersed in
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TABLE I
OPTIMIZED COUPLER DESIGN WITH AN ARTIFICIAL HOMOGENEOUS MATERIAL
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Fig. 3. Characteristics of the proposed coupler with uniform material: (a)
Mode evolution; (b) The cross-section mode profiles at different positions (x =
0, 15, 30, 45 pm); (c) Coupling loss for wavelengths from 1.5 pm to 1.65 pm.

the outer region into the silicon waveguide. During this process,
we fix the width, w, and height, A, of the coupler to 3.84 ;sm and
220 nm, and the minimum, #,,;,, and maximum, t,, ., width of
the inverse silicon taper to 60 nm and 500 nm, respectively, and
use 3D finite difference time domain (FDTD) to scan the length,
1, of the coupler. With a 3 ym diameter input Gaussian beam,
we optimize the coupler design to achieve the best coupling
efficiency. The optimized parameters are summarized in Table I.

Fig. 3(a) gives the mode evolution from the end facet to a
conventional silicon waveguide with 500 nm in the optimized
coupler. After coupling from the input lens fiber, the energy first
diffuses into the artificial material and then gradually transfers to
the central silicon waveguide and form a fundamental guiding
mode as it propagates along the coupler. Note that there are
two dark red regions along the inverse silicon taper due to the
electric field discontinuity of TE mode. As the silicon waveguide
becomes wider, more energy is confined at the center, reducing
the electric field intensity at the boundary. The cross-section
view of the mode evolution is plotted in Fig. 3(b), showing the
mode conversion from the loose confined status at the facet to the
well-confined mode. During the whole process, no other modes
are observed which guarantees a high conversion efficiency. The
coupler loss from the input fiber to the conventional silicon
waveguide, shown in Fig. 3(c), is about 2.2 dB for 1.55 yum
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Fig. 4. The equivalent refractive index of the subwavelength periodic struc-
tured waveguide for different duty cycles, calculated by effective medium theory
at second-order approximation. The red/black curve corresponds to Device A/B
with a period along/ perpendicular to the propagation direction.

wavelength and almost flat for the whole wavelength region from
1.5 pmto 1.65 pm.

III. SUBWAVELENGTH STRUCTURED COUPLER

In reality, it is difficult to find and grow material that matches
the refractive index of our design, we thus choose to replace
it with subwavelength structures. The subwavelength structure
consists of periodically arranged dielectric elements, and since
the period of the structure is much smaller than the wavelength,
the whole structure can be viewed as an equivalent homogeneous
medium. By adjusting the duty cycle of the subwavelength
structure, we can tune its equivalent refractive index based on
effective medium theory (EMT) as [19]:

2 @ o ay o A?
n ~ nd + (1 - K) n2 40 (ﬁ) @)
A2
n2~ %nf + (1 - %) ny? + 0 (ﬁ) 3)

Here, n); and n correspond to the electric field parallel and
perpendicular to the subwavelength periodic interfaces, respec-
tively. A is the period of the structure, a is the width of the
material with refractive index n;, and % stands for the duty
cycle. The curves of these two equations are plotted in Fig. 4.

We first try to design a one-dimensional subwavelength struc-
ture that can function as the artificial material with n = 1.79.
There are two approaches to achieve this target, namely building
subwavelength period along or perpendicular to the propagation
direction, x, shown in Fig. 4. In both these two cases, we setn; =
3.476 and np = 1. For the period along the propagation direction,
according to Eqn. 2 with a second-order approximation, we can
draw the red curve in Fig. 4. From this curve, we can get an
equivalent refractive index of 1.79 when the duty cycle is 17%,
corresponding to a silicon strip array, Device A in Fig. 4, with a
300 nm period and each strip is 51 nm wide in the x-direction,
3.84 pum long in the y-direction. For the period perpendicular
to the propagation direction, we use Eqn. 3 with a second-order
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Fig. 5. (a) The equivalent refractive index of the two-dimensional subwave-

length periodic structured waveguide as a function of duty cycles along and
perpendicular to the propagation direction, calculated by effective medium
theory at second-order approximation. The black point represents the equivalent
refractive index of 1.79. (b) The process to achieve the equivalent refractive index
of the two-dimensional subwavelength periodic structured waveguide.

approximation to plot the black curve in Fig. 4, and get a 300 nm
pitched silicon strip array, Device B in Fig. 4, with each strip
198 nm wide in the y-direction, corresponding to a duty cycle
of 66%. Assuming the taper is 45 pum long in the x-direction
for better mode transition, both these methods result in slender
silicon strips with an aspect ratio, which is the ratio between
the long side and the short side, larger than 70, which sets a big
challenge for device fabrication.

Since matching the optimized facet waveguide by a one-
dimensional subwavelength periodic structure would require
multiple slender silicon strips and would be too demanding
for processing, we chose a two-dimensional subwavelength
structure. By introducing the subwavelength structure in both
the parallel and perpendicular directions, we can obtain a de-
sired refractive index, while releasing the complexity of the
fabrication process. Setting 300 nm as the periods for both the
x-direction and y-direction for simplicity, we can obtain the
target equivalent refractive index of 1.79 when the duty cycles
of x-direction and y-direction are 0.5, and 0.8, respectively as
shown in Fig. 5(a). To achieve this result, as shown in Fig. 5(b),
we do a two-step EMT calculation. The first is to calculate
the structure with the period perpendicular to the propagation
direction, x, namely duty cycle in the y-direction, axy, as shown
in the left figure of Fig. 5(b). Considering a minimum feature
size of 60 nm we can build, a duty cycle of 80% corresponding
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Fig. 6. (a) Schematic of the proposed two-dimensional subwavelength struc-
tured coupler; (b) The top view of the coupler; (c) The zoom-in image of the top
view; (d) The cross-section of the coupler facet.

to an equivalent refractive index of 2.268 is chosen. After that
we fix the high index material as 2.268 and the low index as 1,
we choose the duty cycle along the propagation direction, %,
as 50% to achieve an equivalent index of 1.79 which provides
the best overlap as mentioned in the previous section. Note
that, since we only consider the TE polarized light, for Step-1,
the period perpendicular to the propagation direction, the black
curve represents the structure-property; for Step-II, the period
along the propagation direction, the red curve describes the
structure-property. By combining these two, a two-dimensional
subwavelength structured silicon waveguide array with a length
of 150 nm along the x-direction and a width of 60 nm along the
y-direction is formed to equivalently replace a uniform medium
with a refractive index of 1.79.

For a better transition from the subwavelength coupler to a
strip waveguide of 500 nm wide, we choose to linearly taper
up the silicon waveguide from 60 nm, the limitation of our
fabrication process, to 500 nm and laterally clad it with the
subwavelength structure, shown in Fig. 6. The length, width,
and height of the subwavelength structure elements are taken
from the previous section, namely lsywg = 150 nm, wswag =
240 nm, and 2 = 220 nm. Also, the width, w, of the taper and the
period of the subwavelength structure along and perpendicular
to the propagation directions, A, are kept to 3.84 ;zm and 300 nm,
respectively. We then perform the length scanning to minimize
the mode conversion loss at 1.55 pm.

The subwavelength structured couplers with different lengths,
Fig. 7(a), are simulated with the same Gaussian light source as
mentioned in the previous section, and we monitor the mode
profile along the propagation direction every 15 pm, Figs. 7(b)
and (c). Comparing with other lengths, the 45 ym long taper
provides a more stable coupling loss and relatively larger band-
width. The optimized parameters are summarized in Table II, and
the characteristics are plotted in Fig. 7. Similar to the artificial
homogeneous-material-based coupler, the input light diffuses in
the subwavelength structure at first, and gradually converges to
the central silicon taper to form a guiding mode in a 500 nm
conventional waveguide. The cross-section evolution is shown
in Fig. 7(b). Unlike the homogeneous one, at the facet, the light
is more at the central subwavelength structure, showing several
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Fig.7. Characteristics of the proposed two-dimensional subwavelength struc-
tured coupler: (a) Coupling loss of couplers with different lengths for wave-
lengths from 1.5 pm to 1.65 pm; (b) The cross-section mode profiles at different
positions (x = 0, 15, 30, 45 pm); (c) Mode evolution.

TABLE II
OPTIMIZED COUPLER DESIGN WITH TWO-DIMENSIONAL SUBWAVELENGTH
STRUCTURE
lSWG Wswe h tmin tmax 4 w /
150nm  240nm 220nm  60nm  500nm 300nm 3.84um 45um

high-intensity spots. As the taper becomes wider, light is more
concentrated into the center and forms a fundamental waveguide
mode. The coupling loss of less than 2.5 dB is observed for the
wavelengths from 1.5 pm to 1.65 pum. The results match with
the homogeneous coupler reasonably well with a slightly higher
coupling loss due to the approximation of the EMT. Further
push the period of the subwavelength structure towards the deep
subwavelength region, could solve this issue and lead to a better
fit to the theoretical prediction.

For practical application, it is difficult to control the facet
position with 100 nm accuracy, which means the facet may
locate at different positions within one subwavelength period.
To figure out the impact of such deviation, we also carry out
the simulations of the cutting plane positions and plot them in
Fig. 8. We pick four positions for the cutting plane, as marked
A, B, C, and D in the inset of Fig. 8. Position B provides the best
performance. Slight lower efficiency happens for the other three
locations. However, all the four couplers have similar coupling
loss and bandwidth, namely, the tip position is not very critical
for this type of coupler, which greatly releases the difficulty of
measurement.
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Fig. 8. Coupling loss of two-dimensional subwavelength structured coupler
with different facet locations. The inset shows the locations of four cutting
planes.

IV. CONCLUSION

We propose a high-efficiency edge coupler for silicon waveg-
uides with air top cladding. The coupler has a coupling loss
of 2.5 dB in the wavelength range 1.5 ym — 1.65 ym. A two-
dimensional subwavelength structure is employed to effectively
reduces the refractive index of the silicon waveguide and better
match the mode field of a lens fiber. To the best of our knowledge,
this is the first edge coupler for silicon waveguides with air top
cladding. Our approach will be easily applied to other material
systems, such as silicon-on-sapphire, germanium-on-silicon, et
al. Tt would be extremely important for mid-infrared applica-
tions, where the commonly used materials become lossy in this
regime.
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