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ABSTRACT

Efficient coupling of light from an optical fiber to silicon waveguides is a challenging task in integrated photonics.
Couplers based on adiabatic mode evolution have the advantages of high bandwidth and low loss but are often
accompanied by longer device lengths. In this paper, we introduce the concept of adiabaticity map and optimize
the coupling between an optical fiber and Si waveguides by selecting routes on the map that minimize unwanted
mode coupling. The map clearly indicates areas in mode evolution where supermode coupling is large and
identifies optimal routes for efficient mode evolution. Optimized interaction length and widths are obtained from
the adiabaticity map. We obtain highly efficient coupling (96%) with large bandwidth (1-dB bandwidth 280 nm)
and misalignment tolerance (>90 nm lateral misalignment range for 1-dB excess losses) for the TE polarization.

Keywords: Coupler, silicon photonics, mode evolution, adiabatic

1. INTRODUCTION

Optical interconnection between photonic chips and optical fibers is frequently utilized throughout the entire
photonic integrated circuit (PIC) system. Therefore, efficient fiber-to-chip coupling is an important issue that
requires attention.! The main challenge is the significant size mismatch between the fundamental modes of
optical fibers and the optical modes of PIC waveguides. While the silicon-on-insulator (SOI) platform provides
tight optical confinement, enabling the integration of numerous devices on a single chip, the small size also gives
rise to other issues. The standard single-mode fiber has a diameter of 125 pym, with a core diameter of about 9
pm. In contrast, the single-mode silicon waveguide based on SOI is composed of high refractive index silicon and
low refractive index silicon dioxide, resulting in a higher refractive index contrast that concentrates the optical
field. The size of the single mode silicon (Si) waveguide is about 400(W) x220(H) nm?.

In contrast to conventional edge couplers which apply butt coupling or end-fire coupling,? a new coupling
approach based on adiabatic mode evolution between the optical fiber and the Si waveguide® is considered in
this work, as illustrated in Fig. 1(a)(b)(c). We consider a optical fiber taper (OFT) prepared by wet etching
techniques with a taper angle of 1.5° and R; = 1um.* The HE;; fiber mode can adiabatically evolve over the
entire length of the OFT (~150 pm long). To avoid leakage into the buried oxide (BOX) layer, which has a
similar refractive index to that of the optical fiber, the Si waveguide structure is suspended over the coupling
region. The Si waveguide is linearly tapered from Wg =400 nm to W7 =40 nm. The coupling structure consists
of two oppositely tapered waveguides overlapped spatially with each other with an overlapping length of L. The
coupling region of length L is defined by the widths of the Si waveguide at the start (Ws) and the end (W7p)of
the overlap area [Fig. 1(c)].

In Fig. 1(d), we show the supermodes of the coupler along the coupling region by assuming W; = 40 nm
and Wy = 400 nm. When the adiabaticity criterion is satisfied, the HE;; fiber mode evolves adiabatically to
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the TEgg mode of the Si waveguide evolving along supermode 1, achieving high efficiency and large bandwidth
coupling. The key is to minimize coupling to supermode 3 during mode evolution. The coupling efficiency (CE) is
thus a function of the interaction length and coupling region geometry, which is determined by the Si waveguide
parameters. In this paper, we analyze the adiabaticity of the coupling region using the adiabaticity map, which
reveals regions in the parameter space where non-adiabatic coupling is strong. The coupling structure can then be
optimized by designing evolution paths around these non-adiabatic regions, resulting in highly efficient couplers.
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Figure 1. (a) 3-D Schematic of the optical fiber to Si waveguide coupler based on mode evolution. (b) Side view of the
coupler. (c) Top view of the coupler. (d) Supermodes of the coupler along the coupling region.
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2. ADIABATICITY MAP

In photonics, the adiabatic condition describes a process in which the variation of optical modes in the propagation
direction (z-axis) occurs slowly enough so that light remains in the same eigenmode throughout the entire
propagation process.” We define the adiabaticity parameter c as:%

(ml & n)

/Bm - 5n ’ (1)

c(z) = |

where |m, n) are the supermodes of the coupling region, and §,, ., are the propagation constants of the eigenmodes.
The adiabaticity parameter indicates the strength of unwanted coupling between eigenmodes m and n.

The coupler in this work involves the OFT and the Si waveguide. In the coupling region, two spatial
parameters need to be considered, namely, the OFT diameter R and the silicon waveguide width variation W.
Firstly, the eigenmodes of the local cross section in the coupling region are determined, and the local supermodes
are calculated as shown in Fig. 1(d). Subsequently, the instantaneous adiabaticity parameters are computed by
Eq. (1) using supermodes 1 and 3. Finally, the adiabaticity parameter is represented on a map as a function
of W and R. Fig. 2 shows the adiabaticity map, where the horizontal axis represents the variation of the Si
waveguide width, and the vertical axis represents the core diameter of OFT. This map enables the observation
of the distribution of adiabaticity parameters along different evolution paths.
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Figure 2. Adiabaticity map showing adiabaticity parameter in the coupling region. Pi, P>, Ps, and P, are different
evolution paths.

3. OPTIMIZATION OF THE COUPLING REGION

Intuitively, one would design the coupling region such that the end of the OFT coincide with the start of the
waveguide taper, that is Wo = Wz = 400 nm. In this case, one would also expect that a longer coupling length
should result in a higher CE due to more adiabatic mode evolution. In Fig. 3(a), we show the calculated CE
from the HE;; fiber mode to the TEgy mode of the Si waveguide as a function of L. It can be seen that the
CE reaches ~70% when L is between 20 and 40 pm, and then steadily decreases with longer L. To explain this
phenomenon, we draw two paths P; and P> on the adiabaticity map, Fig. 2, corresponding to coupling lengths
of L=40 and 20 um in Fig. 3(a), respectively. Clearly, these two paths cross regions where the supermode
coupling is large on the map, with P; seeing more unwanted coupling than P,. Therefore, even at a longer
length, P; only achieves a similar CE as P,. Also, we can see that as long as W5=400 nm [W(2z') = 0.36um],
any path corresponding to longer L on the map will always cross the region where unwanted coupling is large,
thus explaining the decreasing CE with L.
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Figure 3. Coupling efficiency (CE) as a function of the coupling region length L. (a) Original design with W = 400 nm.
(b) Optimized design with W2 = 300 nm. P; through P are mode evolution paths corresponding to the paths in Fig. 2.

From the map, we can optimize the mode evolution path. By choosing W5=300 nm [W(z’) = 0.26um], we
can see from Fig. 1(d) that supermode 1 is sufficiently close to the Si waveguide TEy mode. Now, the evolution
paths P3 and P, in Fig. 2, corresponding to L=40 and 20 pm, no longer see the large supermode coupling along
P, and P,. The calculated CE as a function of L with the optimized coupling region is shown in Fig. 3(b). We
observe that at lengths larger than 15 pum, the CE is steadily larger than 90%. At L=20 um, a large CE of 96%
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can be obtained. Simply by moving the tip of the fiber from W5=400 nm to W5=300 nm, we can optimize the
coupling region and increase the CE by 25%.

4. BANDWIDTH AND TOLERANCE

Fig. 4(a) shows the device bandwidth for the optimized coupler with L = 20 ym and W5 = 300 pm, where the
1-dB bandwidth ranges from 1.43 pm to 1.71 pm, a width of approximately 280 nm; and the 3-dB bandwidth
ranges from 1.3 um to 1.9 um, a width of approximately 600 nm, with a center operating wavelength of 1.55 pum.
The fabrication tolerance is simulated by changing the overall width of the Si waveguide by an amount AW.
The results are shown in Fig. 4(b), where 1-dB loss can be maintained for AW ranges from -28 nm to 59nm.
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Figure 4. Coupling efficiency (CE) as a function of (a) wavelength and (b) Si waveguide width variation.

Considering the alignment tolerance of the OFT, Fig 5(a) shows the alignment tolerance in the y-direction
of the coupling region, which refers to whether the fiber is in close proximity of the silicon waveguide. Within a
range of 100nm, the CE loss is smaller than 1-dB; and at 220nm, it reaches 3-dB. Misalignment in the x direction,
Az, disrupts the symmetry of the structure, and it leads to the excitation of undesired modes, resulting in a
decrease in CE, as shown in Fig. 5(b). At £90 nm, the CE loss can be below 1-dB. Since the initial designed
coupling length L is 20 pm, a coupling region overlap greater than 20 pym indicates an excessive overlap between
the fiber and the waveguide in the z-direction, while a overlap less than 20 pm indicate insufficient overlap. Fig.
5(c) shows the relationship between the overlap length in the coupling region and the CE. It can be observed
that for overlap length ranging from 17 ym to 26 pum, the CE loss is smaller than 1-dB, for a range of 14 um to
33 pm, the CE loss is smaller than 3-dB.
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Figure 5. Fiber alignment tolerance in the (a) y-direction, (b) z-direction, and (c) z-direction.

5. CONCLUSION

We present the design and optimization of a mode evolution coupler composed of an OPT and a tapered Si
waveguide. The optimization of mode evolution region is achieved using the adiabaticity map, which allows us
to identify adiabatic paths for efficient mode evolution. By avoiding high-coupling regions on the map, the mode
evolution process in the coupler is optimized, leading to an efficient, compact, and broadband mode evolution
coupler. Adiabaticity maps are useful for illustrating the adiabaticity parameter under various device parameter

Proc. of SPIE Vol. 12794 127940B-4

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 21 Dec 2023
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



variations, allowing insights into the adiabatic behavior. This concept can be applied to various devices based
on adiabatic mode evolution.
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