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Demonstration of Silicon-Photonics Hybrid
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Abstract—To realize a new package substrate for co-packaged
optics, a silicon-photonics hybrid glass-epoxy substrate was demon-
strated. In the substrate, silicon photonics dies working as op-
tical/electrical conversion engines are embedded. Additionally, it
includes optical redistribution composed of polymer waveguides
and mirror-based optical coupling structures between the polymer
and silicon waveguides. A demonstration sample was designed for a
total bandwidth of 10 Thps using silicon photonics dies with arrayed
waveguide gratings, wavelength splitters, and polarization split-
ters/rotators for 16-ch wavelength division multiplexing (WDM).
It was fabricated using unique key technologies, such as silicon
photonics embedding, micromirror fabrication, and single-mode
polymer waveguide fabrication. Its wavelength multiplexing oper-
ation and signal transmission characteristics were evaluated. As a
result, the hybrid substrate was discovered to be capable of 112
Gbps pulse amplitude modulation 4 (PAM-4) transmission with
a 16-ch WDM function because the transmitter dispersion and
eye closure quaternary (TDECQ) values of less than 3.4 dB were
obtained and 16-ch WDM spectrum were clearly visible. To the
best of our knowledge, the working of such a hybrid substrate was
demonstrated for the first time. This demonstration implies that
the hybrid substrate is feasible, and the above-mentioned novel
technologies are crucial to its development.

Index Terms—Co-packaged optics, hybrid package substrate,
micro mirror, optical redistribution, silicon photonics, single-mode
polymer waveguide.

I. INTRODUCTION

ATA movement in high-performance computing systems
and large-scale data centers is a critical concern. In-
creasing the data rates of conventional electrical links leads
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to low latency tolerance, high power consumption, and poor
signal integrity, particularly for long-distance interconnects.
Co-packaged optics (CPO) have attracted significant attention
because they can considerably reduce the length of high-data-
rate electrical links [1]. For example, Broadcom and Tencent
have recently partnered to accelerate the commercialization of
CPO network switches. The switch is an application-specific
integrated circuit (ASIC) package in which silicon (Si) photonics
dies are co-packaged and over 100 optical fibers are connected to
it. Such massive parallel optical input/outputs (I/Os) are required
for high-performance LSIs, such as the upcoming high-capacity
switch ASICs with data transmission rates of 25.6 and 51.2 Tbps.

We previously proposed a novel package substrate, referred to
as an active optical package (AOP) substrate, as a novel CPO so-
lution [2]. A bird’s-eye view and cross-sectional schematic of the
AOP substrate are shown in Fig. 1. The AOP substrate is based
on a silicon photonics hybrid glass-epoxy substrate, which is a
conventional glass-epoxy package substrate in which Si photon-
ics dies are embedded as optical/electrical conversion engines.
The electrical I/Os of the Si photonics dies are connected via
thin-film metallization (electrical redistribution). Its optical I/Os
are connected to standard single-mode fibers (SMFs) via optical
redistribution, which is composed of polymer waveguides and
micro mirrors, as shown in Fig. 1. We have developed some
of its key technologies, such as micromirror integration [3], Si
photonics die embedding [4], and mirror-based optical coupling
between Si and polymer waveguides [2].

Recently, we demonstrated a Si-photonics hybrid glass-epoxy
substrate using the above-mentioned key technologies to real-
ize an AOP substrate [5]. In this article, additional fabrication
results of the micro mirror, planarization process, and polymer
waveguide for demonstration sample are provided. Moreover,
measurement results of the 16-ch optical spectra, insertion
loss, eye diagrams, and transmitter dispersion and eye closure
quaternary (TDECQ) are provided. Based on these results, we
present additional discussions about the loss and transmission
characteristics of demonstration sample.

1I. DESIGN

The demonstration sample was designed as a package sub-
strate with a maximum capacity of 10 Tbps. As shown in
Fig. 2, two Si photonics dies are embedded in the sample. Three
sets of 16-ch wavelength multiplexing (MUX) / demultiplexing
(DeMUX) devices [6], [7] were placed in each die for the

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/


https://orcid.org/0000-0003-1220-2171
https://orcid.org/0000-0002-8561-5877
https://orcid.org/0000-0002-4728-6240
https://orcid.org/0000-0001-5346-4704
https://orcid.org/0000-0002-3538-3713
https://orcid.org/0000-0002-4006-0716
mailto:a-noriki@aist.go.jp
mailto:s-suda@aist.go.jp
mailto:t.kurosu@aist.go.jp
mailto:takeru-amano@aist.go.jp
mailto:a-ukita@nec.com
mailto:k-takemura@aiocore.com
mailto:yasuhiro.ibusuki@furukawaelectric.com
mailto:tamai786@oki.com
mailto:shimura273@oki.com
mailto:oonawa834@oki.com
mailto:yaegashi454@oki.com
https://doi.org/10.1109/JLT.2023.3283988

NORIKI et al.: DEMONSTRATION OF SILICON-PHOTONICS HYBRID GLASS-EPOXY SUBSTRATE FOR CO-PACKAGED OPTICS

LD and PD chips
& can be flip-chip
bonded.

Si photonics .
die LSI chip [

.

Optical Polymer waveguide

connector optical redistribution
(@)
Polymer waveguide
Mirror
coupling \4{ .....
et mm - I
LD and PD chips can be Si id
flip-chip bonded. 1 waveguide
o

Optical connector

Polymer waveguide

: Si-photonics hybrid . e
waveguide gl oxy substrate optical redistribution
(b)
Fig. 1. (a) The bird’s-eye view and (b) cross-section schematic of the CPO

using the AOP substrate. For the CPO using the LD and PD chips, the substrate
can also be used as an optically functional platform.
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Fig. 2.
substrate.

Demonstration sample layout of the Si-photonics hybrid glass-epoxy

transmitter (TX) and receiver (RX). Therefore, 96 channels were
present in the single-package substrate. At a data rate of 112
Gbps, the sample achieves a total bandwidth of 10 Tbps. Arrayed
waveguide gratings (AWGs) and interleaver were placed in the
die for 16-ch wavelength MUX/DeMUX. Polarization splitters
and rotators were placed on the RX to achieve polarization
diversity. The detail parameters for polarization rotator/splitter,
interleaver, and AWG are described in previous works [6], [7].
Wavelength-multiplexed signals on the die were input/output
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via a spot-size converter (SSC) and a bottom-side mirror. The
multiplexed signals from the Si photonics were delivered to
the edge of the package substrate via the optical redistribution
layer or vice versa. Six optical redistributions were placed on
each die. By the optical redistributions, the non-uniform-pitch
optical I/Os of the dies were arranged to meet the standard
250-pm fiber array pitch. In this study, active devices such
as modulators and photodetectors were not placed in the dies.
Free space vertical coupling test I/O ports were used as a
replacement for these devices in order to evaluate the optical
signal transmission characteristics of hybrid substrates. In the
evaluation, the optical signals were delivered from/to external
optical equipment such as a modulator and oscilloscope. Despite
the fact that Si photonics active devices were not placed in the
substrate in this work, this optically passive hybrid substrate can
be used as a WDM platform for CPO using laser diode (LD) and
photodetector (PD) chips, as shown in Fig. 1.

The total footprint of the aforementioned Si photonics devices
was 10 x 3 mm? for each die. However, the die size was 16.2 x
8.9 mm?. This was due to the fact that other test element groups
(TEGs), such as the other AWGs and reference devices, were
also placed in the die. For the glass-epoxy substrate, we used a
high-Tg (glass transition temperature) and low-CTE (coefficient
of thermal expansion) material, MCL-E-705G(L), from Showa
Denko Materials Co., Ltd. The substrate dimensions were 50
mm?. Two cavities were used for embedding the Si photonics
dies. The cavity size was 17 x 9 mm?. The selected grass-epoxy
substrate has CTE of 3—4 ppm/°C which is equivalent with
that of Si. Therefore, thermo-mechanical deformation is neg-
ligible for the polymer waveguides which go over grass-epoxy
substrate and Si die. Additionally, temperature dependence of
polymer waveguides and mirror coupling structure were eval-
uated in previous work, and the temperature tolerance was
verified [8], [9].

III. FABRICATION

A. Process

The fabrication process for the demonstration sample is il-
lustrated in Fig. 3. First, the bottom mirrors were integrated
into a Si photonics die, as detailed in [3]. Subsequently, the
Si photonics dies were embedded in a glass-epoxy substrate.
The embedding process is described in [4]. Subsequently, the
surface was planarized using a transparent resin, and a polymer
waveguide bottom cladding layer was formed. The waveguide
cores were then fabricated using lithography. Finally, the top
cladding and topside mirrors were fabricated using lithography.

B. Results

Fig. 4 shows a photograph of the embedded Si photonic dies
after the bottom-side mirror integration. Bottom-side mirrors
were fabricated in the optical coupling areas for polymer wave-
guide optical redistribution and test I/O ports. For the optical
redistribution, the fabricated mirror angle was 40° and curvatures
were 40 and 27 pm in the a-a’ and b-b’ directions, respectively.
For the test I/O ports, the fabricated mirror angle was 38° and
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Fig. 4. (a) Photograph of the Si-photonics die embedded glass-epoxy sub-
strate, (b) photograph of the embedded Si photonics die, (c) 3D surface profile
of the bottom-side mirror measured by laser microscopy, and (d) a surface profile
near the embedded die edge.

curvatures were 36 and 28 pm in the a-a’ and b-b’ directions,
respectively. Unfortunately, the optimum angle and curvatures
(45°,60 pm in the a-a’ direction and 30 pm in the b-b’ direction)
were not obtained in this demonstration sample. Therefore, the
optical coupling losses for the polymer waveguides and test I/O
ports were large. The surface profile near the die edge is shown
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Fig. 5. (a) Photograph of the die-embedded glass-epoxy substrate after the
planarization process. (b) Measured surface profile on a line X before and after
the planarization.

Top cladding

Top-side mirror

(b)

Fig. 6. (a) A laser microscopic image of the fabricated top-side mirror and
(b) a cross-sectional optical microscopic image of the polymer waveguide.

in Fig. 4(d). The die surface was 30 pm higher than that of the
glass-epoxy substrate.

It is necessary to planarize the surface of the die-embedded
glass-epoxy substrate to fabricate low-loss polymer waveguides.
Fig. 5(a) shows a photograph of the planarization process. The
surface profiles of the sample were measured before and after
planarization, as shown in Fig. 5(b). The profiles were measured
along the line shown in Fig. 5(a). The discontinuous surface
profile before planarization was smoothed after planarization.
Substrate warpage was observed before and after the planariza-
tion process. Therefore, planarization was not the origin of the
warpage.

Fig. 6(a) and (b) show a laser microscopic image of the fabri-
cated top-side mirror and a cross-sectional optical microscopic
image of the polymer waveguide, respectively. The measured
top-mirror angle was 43.5°, which was slightly gentler than the
target value of 45°. This error also causes a coupling loss between
the Si and polymer waveguides. The width and height of the
polymer waveguide core were 9.0 and 5.4 pm, respectively.
The height was slightly smaller than the design value of 9
pm. Therefore, a loss of approximately 1 dB was estimated for
coupling with a standard single-mode fiber.

Photographs of the fabricated demonstration sample are
shown in Fig. 7. As shown in this photograph, the polymer
waveguides were fabricated on a Si-photonics embedded glass-
epoxy substrate. The Si photonics I/O ports and edges of the
glass-epoxy substrate were connected by polymer waveguides.
Test I/O ports were prepared for subsequent evaluations and
were not connected to the polymer waveguides.
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Fig. 9. Measured optical spectra.

IV. EVALUATIONS
A. Optical Spectrum and Insertion Loss

The optical spectral characteristics and insertion losses of
the fabricated sample were measured, as shown in Fig. 8. A
superluminescent diode (SLD) and an optical spectrum ana-
lyzer were used for spectrum measurements, and a wavelength-
tunable laser and power meter were used for insertion loss mea-
surements. Light was input to the polymer-waveguide optical
redistribution and output from the test I/O ports through mirror
coupling, a polarization splitter/rotator, an interleaver, and an
AWG.

The measured optical spectra are shown in Fig. 9. All 16
channels are clearly observable. This means that the fabrica-
tion process of the hybrid substrate was compatible with Si
photonics devices such as AWGs, interleavers, and polarization
rotators/splitters.
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Fig. 10. Measured insertion losses.

Fig. 10 shows the insertion losses of the 16 channels. The
average insertion loss was 22 dB. To break down the measured
insertion loss, the loss of each Si photonics device was measured
using the reference TEGs. As a result, the AWG loss was 5 dB,
and the total loss due to other devices loss was 3 dB. Thus, Si
photonics devices accounted for the 8 dB loss. The other 14 dB
loss consists of coupling loss of SMF to polymer waveguide,
propagation loss of the polymer waveguide, coupling loss of the
polymer waveguide to Si waveguide via two micro mirrors, and
coupling loss of the Si waveguide to SMF via test I/O port. As
mentioned above, the coupling loss of SMF to polymer wave-
guide was estimated to be 1 dB. The propagation loss of polymer
waveguide is approximately 0.8 dB/cm at 1.55-pm wavelength
[10]. The waveguide length of demonstration sample is 2.3 cm,
therefore, the propagation loss is calculated to be 1.8 dB. The
coupling loss of the polymer waveguide to Si waveguide via two
micro mirrors was calculated by physical optical propagation
method of Ansys Zemax OpticStudio. The measured dimensions
of two micro mirrors, as described above, were used to construct
the simulation model. Other dimensions such as the mirror
position and polymer film thickness were also measured and
used for the simulation. As a result, the coupling loss of 9.6 dB
was obtained. The coupling loss of the Si waveguide to SMF
via test I/O port was also calculated by the same simulation
method. The calculated coupling loss was 3.8 dB. Thus, the
total coupling loss of 16.2 dB was estimated. The estimated
loss was slightly larger than the measured 14-dB loss, however,
it was found that the dominant factors were the two coupling
losses (between the Si and polymer waveguides and between
the test I/O port and single-mode fiber) using mirror coupling.
This is because the fabricated bottom- and top-side mirrors
were not optimal structures, as mentioned above. However, in
previous works, we have demonstrated efficient mirror coupling
of 3.6 dB experimentally [11] and 0.5 dB in a simulation. Thus,
by optimizing the mirrors, lower transmission losses can be
achieved.

B. Signal Transmission Characteristics

To evaluate the optical signal transmission capability of
the fabricated hybrid substrate, 112 Gbps pulse amplitude



5082

Modulator Amplifier (PM)
Tunable Laser O—
1
Arbitrary waveform Al\
generator —————
112-Gb/s PAM4

(2)

Tunable Laser _C>_

/./—

I % Oscilloscope

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 41, NO. 15, AUGUST 1, 2023

Amplifier Filter

Oscilloscope

. A
PG Waye I 112-Gb/s PAM4
generator  |m=====
(b)
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Fig. 12.  Measured 16-ch eye diagrams for (a) TX and (b) RX TEGs.

modulation 4 (PAM-4) signals were transmitted, and the eye di-
agrams were obtained. The TDECQ values were also measured.
The measurement setups for the TX and RX TEGs are shown in
Fig. 11. For the evaluation, a 112 Gbps PAM-4 signal was gener-
ated using a tunable laser, an arbitrary waveform generator, and
a lithium niobate (LiNbO3) intensity modulator. The signal was
amplified and TE polarized by an erbium-doped fiber amplifier
(EDFA) and a polarization controller, respectively. The signal
that passed through the sample was amplified using the EDFA.
The amplified spontaneous emission (ASE) noise owing to the
2nd EDFA was removed using an optical filter. Finally, the signal
is measured using an oscilloscope. In the TX-TEG evaluations,
the signal was input from the test I/O port and passed through
wavelength-multiplexing devices. Subsequently, the signal was
output from the optical redistribution and measured using an os-
cilloscope. In the RX TEG evaluations, the signal was input from
the optical redistribution and passed through the polarization
diversity and wavelength demultiplexing devices. Subsequently,
the signal was output from the test I/O port and measured using
an oscilloscope.

Fig. 12 shows the measured 16-ch eye diagrams of the TX
and RX TEGs. Sixteen channels were measured individually.
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Fig. 13.  Measured TDECQ values for (a) TX and (b) RX TEGs.

As shown, all 16 channels successfully transmitted a 112 Gbps
PAM-4 signal for both TX and RX TEGs. Fig. 13 shows the
measured TDECQ values. The IEEE 802.3bs 400G Base DR4
standard requires a TDECQ of less than 3.4 dB at a symbol
rate of 53.125 Gbaud (106.25 Gbps) [12]. The measured re-
sults for all 16 channels of the TX and RX TEGs satisfied
the IEEE standards. Thus, we successfully demonstrated that
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the fabricated hybrid substrate is capable of 112 Gbps PAM-4
transmission with 16-ch WDM function. A reference TDECQ
value was also measured by replacing the device with an optical
attenuator of the same loss, and it was compared with that of the
demonstration sample. As a result, the difference was less than
0.2 dB and was comparable to measurement fluctuation of +0.1
dB. Thus, the transmission penalty is enough low. However, the
measured TDECQ values are relatively large. This may be due
to the ASE noise of the EDFA used in the measurement setup.
As mentioned above, the insertion losses were large because of
the mirror coupling loss. Therefore, the noise tolerance is low,
and the ASE noise affects the TDECQ values. In particular, the
insertion losses of the TX TEGs were higher than those of RX;
therefore, their TDECQ values were larger than those of RX.
By optimizing mirror fabrication, a lower insertion loss can be
achieved, and the TDECQ will become smaller.

V. CONCLUSION

To realize a Si-photonics hybrid glass-epoxy substrate as
a novel package substrate for CPO, a demonstration sample
designed for a total bandwidth of 10 Tbps was fabricated, and its
wavelength MUX/DeMUX operation and signal transmission
characteristics were evaluated. It was found that the hybrid
substrate was capable of 112 Gbps PAM-4 transmission with a
16-ch WDM function because TDECQ values less than 3.4 dB
were obtained for the TX and RX TEGs and a clear 16-ch
DeMUX spectrum was obtained. Thus, passive hybrid substrates
that can be used as WDM platforms for CPO using laser diodes
and photodetector chips are demonstrated in this work. To
the best of our knowledge, this is the first demonstration of
such a hybrid substrate. This demonstration implies that the
AOP substrate is feasible and the demonstrated technologies,
such as silicon photonics embedding, micromirror fabrication,
and single-mode polymer waveguide fabrication, are vital for
its development. Electrical redistribution layer (RDL) was not
included in this work, however, RDL technologies on Si dies
which are embedded or molded in an organic substrate have
been developed [13], [14]. These technologies can be applied
for the RDL process of AOP substrate. In the future, hybrid
substrates incorporating active optical devices, driver/TIA ICs
and electrical RDL will be fabricated.
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