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Abstract

We present an automated method, based on an eigenmode expansion solver, for designing compact, manufacturing-tolerant
adiabatic mode-coupling structures that enable efficient light coupling between optical waveguides with differing refractive indices.
This methodology is demonstrated for a silicon-nitride to crystalline silicon mode-coupling scenario. The designed taper was
manufactured through heterogeneous integration using micro-transfer printing, allowing for experimental validation of the mode-
coupler’s performance.

I. INTRODUCTION

Silicon photonic platforms have been proposed as a promising path toward large-scale photonic integrated circuits (PICs) due
to their compatibility with mature CMOS fabrication processes and low optical losses (<4 dB/m for single mode waveguides)
[1]. However, a drawback of these platforms is their lack of active components for on-chip light generation, modulation, and
detection.

A practical approach to address these limitations involves the heterogeneous integration of active materials, such as III-V
semiconductors or thin-films of lithium niobate, onto passive silicon platforms [2-5]. Coupling light between these passive and
active optical layers, which often have different refractive indices, is typically accomplished using adiabatic mode converters
implemented through tapered waveguide structures [2, 3, 6].

Compact design of these taper structures is usually achieved using approaches based on coupled mode theory [7-9]. These
methods involve calculating the refractive indices of uncoupled waveguide modes for various waveguide widths. The tapered
structure is then slowed down near the crossing points of these refractive indices to ensure adiabatic mode coupling, after
which it is accelerated to maintain a compact final taper structure.

Recently, an author-proclaimed novel and ‘elegant’ approach, termed the 'mono coupler’ was introduced [6]. This method,
which bears similarities to prior works [8, 10], continuously optimizes the taper speed by evaluating the rate of mode overlap
variation along the taper length. The authors claim that their ’elegant’ design approach achieves the shortest and most efficient
coupling solution to the user. However, this method requires the designer to perform calculations of hybrid modes around
a suspected coupling region, filter out numerical instabilities from the mode solver, and supervise model fitting to ensure
accuracy. Furthermore, the authors’ current implementation relies on a polynomial fitting which does not always provide the
best fit.

In this paper, we introduce a fully automated and unsupervised method for designing adiabatic mode-coupling structures, with
all calculations performed in the Ansys Lumerical MODE solver. This method has been applied to create adiabatic coupling
between platforms such as silicon nitride (SiN) [1], thin-film lithium niobate [11], and AlGaAs [12] to an intermediate crystalline
silicon (c-Si) layer, addressing mode-coupling challenges in facilitating evanescent coupling from low-index platforms to active
III-V materials [2, 3, 13]. In this paper, we demonstrate and experimentally validate our method by designing an adiabatic
mode-coupler between a low-index (n=2.0) SiN waveguide and a high-index (n=3.5) c-Si waveguide. Finally, we compare the
performance of our taper design method with that of the mono taper approach in simulations.

II. AUTOMATED ADIABATIC MODE-COUPLER DESIGN METHODOLOGY

For the adiabatic mode-coupling problem introduced, light is coupled from a low-index SiN waveguide to a high-index c-Si
waveguide. This coupling is achieved through a slow taper in the higher-index layer, allowing for a gradual mode transition
between optical layers. These taper structures can be designed and simulated using the Ansys Lumerical MODE eigenmode
expansion (EME) method, which is a tool that can be used for simulating optical devices with slowly varying cross-sections.
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Fig. 1: The proposed taper generation procedure for enabling adiabatic mode coupling. (a) Schematic representation of the cross-
sections and taper generation structure of the ’traditional’ EME approach and our proposed ’Luto’ approach. (b) Transmission
of the entire taper structure while sweeping the length of each individual taper group. (c) Final taper structure after optimization
using our proposed approach. (d) Simulated transmission results for various taper width variations.

In a standard EME-based workflow, a taper is defined between two cross-sections, and its length is adjusted to evaluate
the transmission efficiency across taper lengths, as shown in Figure 1a) labeled "Traditional EME’. However, effective optical
coupling typically occurs within a confined region where the refractive indices converge. Beyond this region, the taper can
transition more abruptly, resulting in a compact and practical coupling structure [7].

To automate the design process of this optimized taper structure, we propose to segment the Lumerical EME taper region
into smaller sections. Between each segment, the taper width is adjusted by 30 nm increments, as schematically shown in Fig.
la), labeled "Luto EME”. By sweeping the length of each of these sections and selecting the optimal lengths for each, we
achieve an optimised taper design. Fig. 1b) shows the transmission of the taper structure across the first 7 taper sections, with

lopt,; indicating the selected optimised taper length for each subsection. Finally Fig. 1c) presents the completed taper structure,
labeled as the *Base’ taper structure.

During manufacturing, variations in the width of the taper are common (with our E-beam tool showing variations of up to
30 nm). To improve robustness against these width fluctuations, we incorporate a weighted maximum length of each adjacent
taper cell in the final design, resulting in an optimized and manufacturability-tolerant taper structure. Fig. 1c) shows the final
resilient taper structure with Fig. 1d) showing the simulation of the taper tolerances to width variations.

The codes used to generate the taper demonstrated in Fig. 1 are made available on Github !.

III. EXPERIMENTAL VALIDATION OF TAPER GENERATION

The designed taper from section II was experimentally validated by the heterogenous integration of a c-Si waveguide onto a
SiN waveguide using micro-transfer printing [14]. The silicon nitride (SiN) waveguides were fabricated through electron-beam
lithography (EBL) and reactive ion etching (RIE) using a CF4-based plasma, after which a 35 nm thick AlOx etch-stop layer

Uhttps://github.com/treep2/LutoTaper



was deposited using atomic layer deposition (ALD). A 70 nm thick Benzocyclobutene (BCB) adhesive layer was spun onto
the sample after which a 400 nm thick crystalline silicon block was micro-transfer printed onto the SiN waveguides. The BCB
was cured for 1 hour at 280 °C, after which EBL was used to pattern the c-Si taper structure. The c-Si was subsequently
etched using RIE with a CF4-based plasma. The final fabricated device is shown in Fig. 2, with (b) displaying the c-Si slab
after transfer printing on SiN, and (a) and (c) showing the c-Si waveguide integrated on the SiN waveguide post-patterning.
Figure (d) presents a scanning electron microscope (SEM) image of the c-Si taper, revealing a tip width of 114 nm which is
within 30 nm of the designed taper.

The manufactured mode couplers, featuring three different taper widths, were measured and normalised against a reference
SiN waveguide for which the measurement results are shown in Fig. le). No multi-mode beating is observed in the taper
structure, indicating that no higher-order modes are excited. The 2 to 3 dB optical losses measured are expected to come from
propagation through the 2.5 mm long fully etched c-Si waveguide between the mode couplers, which were designed with this
length to facilitate further experimentation of III/V amplifiers on these c-Si waveguides.
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Fig. 2: Experimental validation of the generated taper. (a) Top-down microscope image of the measured device. (b) Silicon
nitride (SiN) waveguide with a transfer-printed c-Si coupling. (c) Patterned and etched c-Si taper. (d) Scanning electron
microscope (SEM) images of the manufactured c-Si taper. (e) Transmission of the taper structure for three different waveguide
widths.

IV. COMPARISON TO MONO TAPER AND DISCUSSION

The recently published ‘elegant’ mono taper design approach [6] was compared in simulations to the taper design method
presented in this paper. The mono taper generation method, as implemented by the authors, is limited in its ability to simulate
the entire mode coupler discussed in section II, due to the limitations in the polynomial fitting applied to the power coupling
coefficients. While we found spline fitting addresses these limitations, we ended up using approach described by the authors for
this comparison. Therefor we focused the taper design comparison for the silicon waveguide on widths ranging from 100 nm to
600 nm, beyond which the optical mode should be fully confined within the c-Si waveguide. The ¢ value used to generate the
mono taper was selected such that the resulting Mono taper length matches that of the taper generated by the 'Luto’ method
described in this paper. Both tapers are depicted in Fig 3a). Fig. 3b) illustrates the resilience of both tapers to width variations,
showing that the mono taper performs slightly better for narrower waveguide widths, while the Luto taper method performs
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Fig. 3: Comparison of the mono taper [6] with the Luto taper presented in this paper. The tapers are compared for widths
ranging from 100 nm to 600 nm. (a) Displays the generated tapers using both methods, while (b) illustrates their performance
in terms of width tolerance.

better for wider widths. Overall, both taper methods demonstrate comparable performance.

V. CONCLUSION

In this work, we presented a computationally efficient design method for generating adiabatic mode converters using tapered
waveguide structures. Our methodology was experimentally validated by successfully coupling light from a silicon nitride
(SiN) waveguide to a crystalline silicon (c-Si) waveguide using the micro-transfer printing technique, which is commonly
employed as an intermediate layer for integrating III-V amplifiers onto low-index SiN platforms. The experimental validation
demonstrated low-loss coupling between the SiN layer and the c-Si waveguide.

While the ‘elegant’” mono taper simulation method exhibits comparable optical performance and manufacturability in
simulations, it has some drawbacks. Notably the method requires designer supervision for polynomial fitting complicating
the design process. In contrast, our approach minimizes the need for manual intervention and has experimental validation,
making it a robust and practical solution for the automated design of adiabatic mode converters.
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