W CORA =

g/ﬁ%

Title Photonic chiplet integration on optical interposer: Can hybrid
bonding realize passive optical coupling?
Authors Hwang, How Yuan;O'Brien, Peter

Publication date

2024-08-09

Original Citation

Hwang, H. Y. and O'Brien, P. (2024) 'Photonic chiplet integration
on optical interposer: Can hybrid bonding realize passive optical
coupling?’, 2024 Photonics & Electromagnetics Research
Symposium (PIERS), Chengdu, China, 21-25 April 2024, pp. 1-7.
https://doi.org/10.1109/PIERS62282.2024.10618259

Type of publication

Conference item

Link to publisher’s
version

10.1109/PIERS62282.2024.10618259

Rights

© 2024, IEEE. Personal use of this material is permitted.
Permission from IEEE must be obtained for all other uses, in any
current or future media, including reprinting/republishing this
material for advertising or promotional purposes, creating new
collective works, for resale or redistribution to servers or lists, or
reuse of any copyrighted component of this work in other works.

Download date

2026-08-08 23:42:17

[tem downloaded
from

https://hdl.handle.net/10468/16607

University College Cork, Ireland
Colaiste na hOllscoile Corcaigh



https://hdl.handle.net/10468/16607

Photonic Chiplet Integration on Optical Interposer:
Can Hybrid Bonding Realize Passive Optical Coupling?

How Yuan Hwang and Peter O’Brien

Tyndall National Institute, Ireland

Abstract— Silicon photonic integrated circuits (Si-PIC) have come a long way since Soref et al first
proposed the use of silicon waveguides in the mid-1980s. However, even after four decades, packaging
and integration of silicon photonic systems remain an under-studied area. Most of the packaging activities
have been focusing on Fibre-to-PIC coupling, and how to achieve the lowest possible coupling loss. In
this paper, we look beyond Fibre-to-PIC coupling, and explore the possibility of PIC-to-PIC integration
through a 2.5D optical interposer. We opine that hybrid bonding approach could be a suitable technology
for passive PIC-to-PIC integration because it is based on A. gapless (oxide fusion bonding), B. bump-less
electrical connection (direct Cu-to-Cu) and C. has a relatively high bonding accuracy (~0.5 pum). Two
optical coupling approaches were studied — grating-to-grating coupling, and evanescent coupling based
on inverted taper pair. FDTD was used in this activity — first to understand the feasibility of the two
coupling approaches and then how potential bonding misalignment can affect PIC-to-PIC coupling
losses.

1. INTRODUCTION

Silicon photonic integrated circuits (Si-PIC) industries have seen an explosive growth over the last decade
with almost all major foundries already releasing their own process and design kits (PDKSs), driven by an
increasing list of functionalities and applications. However, packaging and integration of Si-PIC systems
remain an under-studied area and most activities have been focusing on Fibre-to-PIC coupling, and how to
realize the lowest possible coupling loss. While Fibre-to-PIC coupling will continue to be a critical building
block, we opine that attention should also be placed on the next stage of photonic system integration, just
like the way the electronic industries have evolved over the years. But before that, let us look at the current
Si-PIC integration approach.

First, Si-PIC designs typically follow a certain rule of thumb regarding the position of optical interconnects
for Fibre-to-PIC coupling. For example, edge couplers must be placed at the edge of the Si-device, while
grating couplers have slightly more freedom depending on whether flip-chip or wire bonding integration is
used. Due to the position constraint of these optical interconnects, a large area of the Si-PIC must be used to
route the optical waveguides. Second, Si-PIC are almost all monolithically integrated, whereby each
foundries offer all possible components in their PDKSs, except for light emitting components, which must be
either externally coupled or heterogeneously integrated onto the Si-PIC.

Food for thought - What if we can place optical interconnects anywhere on the Si-PIC? What if we can
choose individual components with the best performance from different foundries and combine them into a
photonic system? What if we can passively assemble individual electronic and photonic chiplets onto an
interposer to form a system in package? While chiplets approach have been used in the electronics
industries for years, it is not straightforward for photonics due to optical coupling requirements. In this
paper, we explore the feasibility of coupling between a pair of optical interconnects.

2. CONCEPT AND APPROACH

A schematic of a hybrid bonded Si-PIC to interposer is shown in Fig. 1. We opine that hybrid bonding can
be an attractive approach to realize electro-photonic system in package because it is A. gapless (oxide
fusion bonding), B. bump-less electrical connection (direct Cu-to-Cu) and C. has a relatively high bonding
accuracy (~0.5 um). The combination of the above would allow potential passive optical coupling between
two vertically positioned optical interconnect. In general, hybrid bonding process involves A. room
temperature oxide-to-oxide fusion and B. thermal annealing for copper-to-copper bonding. A general
process flow of hybrid bonding is shown in Fig. 2. Further information regarding oxide/copper hybrid
bonding can be found in [1, 2] while low temperature hybrid bonding approaches can be found in [3, 4].
There are also alternative hybrid bonding approaches that rely on organic bonding layer instead of oxide
and can be found in [5-7].
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Fig. 1. Schematics of hybrid bonded photonic chiplet of optical interposer. Two optical coupling
approaches were shown — A) inverted tapers and B) grating couplers. Relative directions for
simulations in the x-, y- and z- positions are defined in the schematics. The materials for optical
couplers can be either silicon or silicon nitride.
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Fig. 2. A general process flow of hybrid bonding. It usually involves post-processed CMP surface on
both surfaces before oxide fusion bonding and finally thermal annealing to form metal contacts.

The next question to address is how can two vertically separated optical interconnects coupled into each
other? We had previously demonstrated free-space coupling between a pair of vertically coupled grating
couplers in [8] and for inverted taper couplers, we found the answers in [9-11]. However, it remains
unknown how efficient such vertical coupling can take place, considering that optical interconnects are
usually embedded 6-8 pum underneath top oxide passivation for Si-PIC from foundries. Furthermore,
far-back-end-of-line (far-BEOL) processing is needed to form the copper redistribution lines (RDL) and
bond pads for hybrid bonding and will bury the optical interconnects further beneath the final oxide
passivation, further increasing the gap between the pair of optical interconnects.

For the “passive” electronic-photonic interposer, it can be made of silicon or glass and come with through
vias for electrical connectivity. The optical interconnects and waveguides on such interposers can be
formed in the same way as they were formed on the Si-PIC but are buried less deep from the final oxide
passivation layer. Glass interposers also have the additional freedom to form buried glass waveguides for
mode expansion before optical interconnects and waveguides based on silicon or silicon nitride materials
are deposited and patterned above them. Future work could be expanded to include free-space optics and for
interposer pluggability either through external bonding such as [12] or using grayscale lithography to form
the lenses directly on the interposer for out-of-plane coupling.

To first understand the coupling behavior of a pair vertically spaced grating coupler, we used the 340 nm
SOl grating coupler design from [13] for simulation. Similarly, for the pair of silicon (Si) inverted tapers,
we used 220 nm SOI and waveguide width of 450 nm. The waveguide was then linearly tapered through a
length of 110 um to end at a width of 120 nm. We also explored the coupling feasibility between a pair of
silicon nitride (SiN) inverted tapers based on [14]. The SiN thickness was 400 nm with waveguide width of
840 nm. The waveguide was then linearly tapered through a length of 300 um to end at a width of 150 nm.
For all three optical interconnect structures, we first varied the vertical separation (z-position) and then
explored the alignment tolerances (x- and y-positions) between them. We also compared the vertically
coupled transmissions to a standard fibre coupling. The definitions of x-, y- and z-positions are shown in
Fig. 1 earlier.

3. SIMULATION RESULT AND ANALYSIS
A. Pair of Grating Couplers

Fig. 3 shows the x-position tolerances of two vertically separated silicon grating couplers. x = 0 was
referenced at the position where the last teeth of the bottom grating coupler met the first teeth of top grating
coupler. We then scanned the top grating coupler in the negative direction and at various vertical
separations (z-positions) to map the transmission passing from the bottom coupler to the top coupler. For
the FDTD simulations, we used 2D setup for x-position scans to reduce computing resources and 3D setup
for y-position scans. The simulation showed that transmission is relatively insensitive to the vertical gap
(z-positions) and that the x-positions can be adjusted to optimize the transmission again. For example, at z =
2 um, a peak transmission of 69.6% occurred at x = -17 um while at z = 12 um, a peak transmission of 72%
occurred at x = -16 um. The 1 dB tolerance for x-positions varied depending on the gap. For example, at z =
2 um, the tolerance is approximately 6 um while at z = 12 um, the tolerance is approximately 5 um. The 1
dB tolerance for y-positions on the other hand is approximately 8 um at z = 12 um (Fig. 4). Such 1 dB
tolerances in the x- and y- positions are therefore sufficiently large for passive optical coupling during



hybrid bonding, which can come with bonding accuracy of ~0.5 um depending on equipment capability.

Lastly, we compared the bandwidth of regular fibre-to-grating couplers and a pair of vertically positioned
grating couplers. We can see from Fig. 5 that the bandwidth of the latter is relatively broader than the former
with a 1 dB tolerance of approximately 60 nm but has lower transmission efficiency. Nevertheless, we
opined that grating coupler designs have further room for optimization and based on x- and y-tolerances, is
a very attractive passive optical coupling approach for hybrid bonding integration.
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Fig. 3. 2D-FDTD transmission showing x-position tolerance of upper grating coupler relative to bottom
grating coupler at various gaps (z-positions) while keeping y = 0. The 1 dB tolerance for x-positions varied
depending on the gap.
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Fig. 4. 3D-FDTD transmission showing y-position tolerance of upper grating coupler relative to bottom
grating coupler at various x-positions while keeping z = 12 ym. The 1 dB tolerance for y-positions is
approximately 8 pum at x =-15 pm.

B. Pair of Inverted Tapers

Moving on to silicon inverted tapers, we can see from Fig. 6 that that transmission is very sensitive to
vertical gaps (z-positions). Just like part A, we defined x = 0 at the tip of the taper and then scanned the top
taper in the negative x-direction. For the FDTD simulations, we used 3D setup for both x-position and
y-position scans. For x-position scans, we set the y-min boundary condition as anti-symmetric to reduce
computing resources. From the simulations, we can see that at z = 0, a peak transmission of 94.7% occurred
at x = -20 um but dropped to 21.4% at z = 2 um and dropped further to 1.4% at z = 4 um. The results were
not surprising as such evanescent coupling behavior had been previously documented and used in
programmable MEMS photonics to achieve a high extinction ratio. Again, the 1 dB tolerance for
x-positions varied depending on the gap. For example, at z = 1 um, the tolerance is approximately 40 um.
We further explored the sensitivity of evanescent coupling between two inverted tapers in the y-direction
and found that the tolerance is tighter at only 0.3 um. This is to be expected as the waveguide width is only
0.45 um, but we opined that the taper design can be optimized since we used common inverted taper meant
for edge coupling in this activity. As for the bandwidth tolerances, we already knew that inverted tapers are
broadband thus it was not meaningful to simulate them.
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Fig. 5. 2D-FDTD transmission and bandwidth comparison between fibre coupling to grating coupler

and a pair of grating coupler. The x- and y-positions of the pair of vertically separated grating coupler

had been optimized at z = 12 ym. The 1 dB tolerance is approximately 60 nm. The figure on the right
shows the electric field between the pair of grating couplers.
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Fig. 6. 3D-FDTD comparison of x-position tolerance of upper silicon inverted taper relative to bottom
silicon inverted taper at various z-position. Transmission between inverted tapers decreases as z increases.
The figure on the right shows the electric field between the pair of inverted tapers at z =1 um and x = -30

pm.

Finally, for a pair of silicon nitride (SiN) inverted tapers (Fig. 7), we found that they allowed coupling at
larger gap (z-position) compared to silicon inverted tapers, and this could be attributed to the larger mode
field diameter compared to silicon inverted tapers. For instance, silicon inverted tapers had 39.4% peak
transmission at z = 1.5 pm while SiN inverted tapers had 66.2% peak transmission at z = 1.6 pm. As z
increases, transmission of silicon inverted tapers dropped to 11.1% at z = 2.5 um but SiN inverted tapers
still allow 31.9% transmission. Multi-layers of SiN inverted tapers can thus potentially be used to bring the
embedded silicon inverted tapers buried underneath 6-8 um of oxide passivation toward the surface for
more efficient coupling during hybrid bonding.

4. CONCLUSION

We explored the feasibility of hybrid bonding between Si-PIC to optical interposer through FDTD
simulations using two commonly used optical interconnects. We found that for a pair of grating couplers,
transmission between them can occur even with thick oxide layer separating them in the z-direction, making
them an attractive candidate for initial demonstration. On the other hand, transmission between a pair of
silicon and silicon nitride inverted tapers are sensitive to gaps and drop drastically as the oxide layer
separating them increases. The designs of such evanescently coupled inverted tapers is currently being
studied and tuned to allow couplings with larger gaps.
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Fig. 7. 3D-FDTD comparison of x-position tolerance of upper silicon nitride inverted taper relative to
bottom silicon nitride inverted taper at various z-position. Transmission between silicon nitride inverted
tapers decreases as z increases, but less drastic than that of silicon inverted tapers. The figure on the right
shows the electric field between the pair of inverted tapers at z = 1.6 pm and x = -90 um
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