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ABSTRACT

III-V materials with quantum wells or quantum dot active regions have proven to be relatively efficient devices for
amplifying light. However, integration and scaling of many other functions are moving towards the development
of ever more complex photonic integrated circuits (PICs). Assembling these devices into hybrid/heterogeneous
PICs poses a challenge in terms of bandwidth and footprint. In this work, we propose a Particle Swarm Op-
timized methodology to generate non-intuitive structures that couple light vertically from a III-V platform to
a silicon-on-insulator chip. By designing heuristically optimized III-V and silicon tapers, we can overcome the
limitations of typical linearly-varying spot-size converters in terms of footprint, without sacrificing bandwidth.
Furthermore, the optimization parameters are adjusted to fit the usual design rule constraints that are ready for
mass production, namely UV-lithography limits.

Keywords: spot-size converter, optical interconnects, hybrid silicon photonics

1. INTRODUCTION

Large-scale integration of photonic integrated circuits (PIC) on silicon introduces the concept of hybrid integra-
tion. This is because Silicon has an indirect bandgap at optical communications frequencies and it also does
not have a natural electro-optic coefficient. III-V integration on silicon is specially desired due to the increase of
interest in shrinking the footprint and improve the energy efficiency of I/Os for the realization of next-generation
high performance computing systems. -2

ITT-V/Si waveguide platforms integration with efficient interconnect access is a technological need due to the
emerging of photonic integrated circuits. The silicon-on-insulator (SOI) platform fabrication process is mature
by virtue of its compatibility with CMOS technology and because of its small footprint. However, SOI efficient
sources are a challenge due to silicon’s indirect bandgap. Nevertheless, III-V materials are the industrial standard
to produce active devices.?> One of the main approaches is bonding both III-V and Si chips to produce efficient
hybrid devices. They can be directly bonded on silicon (called heterostructure) or butt coupled (called hybrid).*
Both are subject to misalignment problems - to some extent, and area-on-chip problems. But, even these can be
over-sighted by their very large bandwidth.

The heterostructure approach is more likely to be a scalable proposal in terms of overcoming the alignment
problem. Recent developments® show that alignment problems can also be overcome at the cost of doing the
etching process of the III-V layers on top of the silicon-on-insulator platform. Many authors have successfuly
demonstrated this kind of processes.®” Nonetheless, they haven’t yet optimized their linear transition, resulting
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(b) Exploded view of the
(a) III-V to Silicon longitudinal interconnection, 3-D view. III-V/Si Transition.

Figure 1: Hybrid interconnection. A total of three tapers were considered: ITI-V Taper consisting on a spot size
converter, a IT1I-V/Si transition with double inverted tapers and Si Taper consisting of Silicon rib waveguide to
450-nm waveguide transition. The linearly varying ITI-V/Si transition is divided into N segments.

in large structures. When using many sources in dedicated PICs, the miniaturization of these interconnecting
structures becomes highly relevant.

Specifically, a very compact vertical interconnecting device was proposed by Huang et al.,® but the fabrication
limit of the III-V mesa was pushed down to 150 nm to obtain an efficient coupling and to keep the silicon
core thickness at an standard 220 nm. Interestingly, a 400 nm thick silicon core approach® has reportedly
better process tolerance than the 220-nm-only devices. The design includes linear adiabatic taper for I1I-V/Si
interfaces, 400 nm-Silicon to 220 nm-Silicon interface, and slim I1I-V to wide ITI-V interface. Although wide-band
and fabrication tolerant, this approach is not footprint efficient.’

We have previously demonstrated!’ a non-linear vertical coupling taper design deterministic methodology,
which can ensure an efficient, wide-band, misalignment-tolerant transition between a thin-film polymer on sil-
icon platform to a silicon-on-insulator platform and reduce significantly its footprint. This work, picks up the
segmentation methodology, and proposes a compact, ultra wide-band vertical interconnection between a III-V
laser platform and a 220 nm-SOI platform based on the Particle Swarm Optimization.

2. III-V TO SOI LONGITUDINAL INTERCONNECTION

The longitudinal interconnection (Fig. 1a) that we optimized consists of three parts: (i) The ITII-V Taper shrinks
the spot size from a 2um wide III-V active waveguide to a 0.9 pm wide waveguide, the (ii) III-V/Si Transition,
couples light from the III-V mesa to a 400-nm-thick silicon rib waveguide. Lastly, (iii) the Si Taper transforms
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the rib waveguide to a standard 450-nm-wide SOI channel waveguide. We address the trade-off between coupled
power and footprint by using length-optimized tapered segments, as seen in Figure 1b. S; segments make up the
ITI-V mesa taper, while M; segments discretize the Silicon rib taper. We propose that each segment should have
initial and final fixed widths (white lines), and variable S; and M; lengths. Furthermore, note that while the S;
segments initial and final widths decrease, M; segments initial and final widths increase, progressively. This is
because we want to couple light from one platform to the other vertically through their evanescent fields.

According to most ITI-V laser geometries,'! a 12 % confinement factor multi-quantum well (MQW) with
III-V structured claddings and substrates were used. We also considered a 400 nm-thick silicon rib core with
BCB adhesive, the same transition proposed in 7,11,12 to relax the lithography requirements for the III-V
mesa. Furthermore, the works mentioned above have correctly considered the largest footprint for the II1I-V/Si
transition, above 100 ym long.

Next, we describe our method by optimizing the biggest footprint problem, the III-V/Si transition taper.
Subsequently, we will apply our method to optimize the III-V taper and the Si Taper (see Fig. la for names
and geometric references). Our method is based on the particle swarm optimization of segments S; and M;, to
maximize transmittance.

3. PARTICLE SWARM OPTIMIZATION

Particle Swarm Optimization is a technique inspired by the social behavior of bees and has been successfully
applied to a wide variety of electromagnetic optimization problems.!® The swarm population indicates is the
number of potential solutions, which are called agents or particles. These particles are initialize at random
positions and velocities in the parameter space, then we update the position and velocity according to eq. 1 and
eq. 2 respectively as our figure of merti (FOM) converges towards the desired value.

Ty =T, + At x vy, (1)

n = WUy, + c1 % rand() * (Pest,n — Tn) + c2 * rand() * (Goest,n — Tn) (2)

where x,, and v, are the particle’s position and velocity in the n-dimension of the parameter space respectively.
This indicates the range where we can find the best solution for each parameter, At is the time between mea-
surements, Ppest,n, and gpest,n, are individual and global best positions, respectively. The first term of eq. 2 is v,
from previous iteration scaled by w, which is the inertial weight. ¢; and cp quantify the relative “pull” of ppest,n
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(a) III-V transversal section (b) I11-V/Si Transition longitudinal section. Silicon taper (up) and III-V taper (down). (c) Sirib transversal section

Figure 2: III-V transition initial and final transversal cuts, and longitudinal refractive index detail.
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and gpest.n, respectively. The two random numbers, rand(), are distributed between 0 and 1, which represents
the unpredictable behavior of each bee.

We used a PSO implementation that employs default values of w, ¢; and ¢y that have shown to converge well
in many test optimization problems for photonic design applications.'®'* In our work, thirty individuals were
set as population and a maximum of fifty iterations were considered.

4. ITI-V/SI TRANSITION OPTIMIZATION

The ITI-V/Si Transition consists of two inverted tapers that couple light vertically from an active section confined
mode, as depicted in Figure 2a, to a silicon rib waveguide depicted in Figure 2c. Light can be coupled either
from the III-V waveguide to silicon, as depicted by the light path in Figure 2b, or from the silicon platform to
the ITI-V mesa.

In the silicon-on-insulator platform, we considered a buried 2000 nm thick SiOs, a silicon waveguide slab
which is 220 nm thick, with a silicon rib core 400 nm thick. The ITI-V mesa includes a 200 nm-thick InP slab
as cladding (green color in Fig. 1b and transparent in Fig. la). All other mesa layers are tapered, including
the active layers where the multi-quantum wells are and amplification is carried out. For this experiment, we
considered a total active layer thickness of 100 nm. Note that this parameter can change depending on the
number of quantum layers and buffer’s thickness. Lastly, III-V and Si platforms can be brought together with a
BCB; we considered a 50-nm-thick DVS-BCB adhesive.

To define the optimization parameters for the Particle Swarm optimization algorithm, let us divide a linearly-
varying I1I-V/Si Transition into 11 segments and consider each segment length an optimization variable. Note
that, we set the total power in the quasi-TEQ mode as FOM.

As a result of the optimization, we propose a non-intuitive III-V/Si transition design. Our new III-V/Si
transition is 28.505-um long. Each segment length is presented in Table 1. Note that corresponding segments
S; and M; do not necessarily have the same length. It is important to note that both tapers are slowly varying

Table 1: Segment lengths for the optimized 28.505 pm long I11-V/Si transition.

Segment Sl 52 S3 S4 S5 SG 57 Sg Sg SlO 511
length [pm] 1.5 3.5 3.5 3.5 3.5 2715 1.5 1.5 3.5 1.5 1.5
Segment M1 M2 M3 M4 M5 M(; M7 Mg Mg M10 M11
length [pm] 1.5 1.5 1.5 3.5 3.5 3.5 3.5 3.5 3.5 1.5 1.505
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Figure 3: Transmittance of our optimized tapers. Si taper is the rib to channel silicon converter, I1I-V/Si
transition is where light is coupled vertically between the two platforms, and III-V taper is a spot size converter
within the active region.
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Figure 4: Waveband analysis as function of horizontal misalignment up to 1000 nm. ”0” indicates the ideal case,
where there is zero horizontal misalignment.

in slightly wider regions while varying faster towards their corresponding slimmer regions. This is evident in
segments Ss, S3, .54, S5 and segments My, Mg, M7, Mg, My in III-V and silicon tapers, respectively.

According to Figure 3, I1I-V/Si transition transmittance is above 94% for the S, C and L fiber optic com-
munications band. Furthermore, the other two tapers (lines with circles and triangles, respectively) were also
optimized using the same technique, producing 17.45 pm and 19.37 pm long Silicon taper and III-V taper, respec-
tively. Thus, we coupled light from a III-V active mesa to a traditional silicon-on-insulator channel waveguide
in 65.325 pm. With the aforementioned complete model, we achieved 94.4% transmittance at 1550 nm.

Although, for linear tapers, there is usually a clear trade-off between adiabatic transition and transmitted
power, we demonstrate that this non-intuitive geometry is more than three times smaller than the state of the
art for adiabatic III-V/Si evanescent couplers.”!! A direct comparison to a linear model is presented in Figure 4.
We can see similar waveband behavior of our model to a 100 pum long linearly varying II1I-V/Si transition taper,
even with more than three times smaller footprint. 3D FDTD simulations were carried out for this analysis.

5. FEASIBILITY

The minimum dimensions of our proposed model are compatible with deep-UV lithography. Silicon-on-insulator
geometries can be defined previous to the III-V die bonding.*'* The bonding process is feasible following the
die-to-wafer bonding process by using an adhesive with a matching SOI cladding refractive index. The III-V
epitaxial layer geometry can be lithographed on top, after the bonding process is done.

Depending on the adhesive deposition technique, some hybrid devices work with less than the 50 nm-thick
adhesive described here, such as 35-nm DVS-BCB,'® and 25-nm spray-coated BCB.'® Slimmer adhesives can
improve the results of our methodology and shrink the dimensions of the III-V/Si transition further.

6. MISALIGNMENT STUDY

Fabrication approaches like heterogeneous bonding or epitaxial growth!'” !® have a high alignment accuracy, down
to tens of nanometers. However, other techniques compatible with CMOS processes, like flip-chip bonding!? are
not that precise, and they have potential horizontal misalignments that go up to micron size. Although epitaxial
growth is the technology that offers the highest integration, it has been mostly demonstrated inside the lab,
while flip-chip techniques are well-established in the industry. Both approaches can be used with reliability.
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We present the effects of fine and coarse III-V and Silicon platforms horizontal misalignments applied to our
proposed models and compare their tolerance to traditional linearly varying approaches.

Our model, as depicted in Figure 4a, has a high tolerance for small misalignments up to 100 nm, with a
calculated power compromise smaller than 1%. A more pronounced flip-chip related misalignment, progressively
compromises up to approximately 50% of the total power. Compared to a 100 pm-long linear taper (Fig. 4b),
we believe that there is a sweet spot for footprint/misalignment trade-off, specially towards the range from 500
to 1000 nm of horizontal misalignment. As stated in the feasibility section, these calculations can still improve,
by using our proposed methodology with thinner adhesives, depending on the fabrication capabilities.

7. CONCLUSION

We propose an optimization model to produce non-intuitive I1I-V-to-SOI transition using the Particle Swarm
Optimization. Our applied results show a three times smaller non-linearly varying taper that maintains a planar
transmittance response beyond the S, C and L optical communications bands above 94%. Furthermore, our
methodology is feasible, compatible with UV-lithography and other CMOS processes. In the field of heteroge-
neous integration, our methodology can be compared with a 100 pym-long linear taper in terms of robustness
against misalignment for different bonding technologies. We demonstrated our model’s superior robustness for
above-500-nm horizontal misalignment cases.
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