CHinese PuysicaL Sociery | IOP Publishing

CPB

Chinese Physics B

http://cpb.iphy.ac.cn https://iopscience.iop.org/journal/1674-1056

Silicon-based optoelectronic heterogeneous integration for optical interconnection

Le-Liang Li(Z= /K R), Gui-Ke Li(Z=5247), Zhao Zhang(7K%l), Jian Liu(X&1), Nan-Jian Wu( 5= Fg{#), Kai-You Wang( T+

H ), Nan Qi(£54#), and Li-Yuan Liu(xl| 77J%)
Citation:Chin. Phys. B, 2024, 33 (2): 024201. DOI: 10.1088/1674-1056/ad0e5b

Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Theoretical investigation of F-P cavity mode manipulation by single gold nanoparticles

Xusheng Shi( 2B Ft), Zhigiang Luo(#¥ & 5i#), Zhi-Yuan Li(Z=&i2t), and Huakang Yu(EE £ E)
Chin. Phys. B, 2023, 32 (8): 084204. DOI: 10.1088/1674-1056/acd2c1

Dynamic light storage based on controllable electromagnetically induced transparency

effect

Liu-Ying Zeng (¥4 #1%%), Jun-Fang Wu (512 75), and Chao Li(Z=¥)
Chin. Phys. B, 2023, 32 (6): 064213.  DOI: 10.1088/1674-1056/acd2bd

High efficiency, small size, and large bandwidth vertical interlayer waveguide coupler

Shao-Yang Li(Z=4H7%), Liang-Liang Wang(F 5:5:), Dan Wu(5%/1), Jin You(i#74:), Yue Wang(F3H), Jia-Shun
Zhang(iK K JIi), Xiao-lie Yin(Ft/N7%), Jun-Ming An(% 12 #H), and Yuan-Da Wu (53 K)
Chin. Phys. B, 2022, 31 (2): 024203. DOI: 10.1088/1674-1056/acOdac

Surface plasmon polariton nanolasers: Coherent light sources for new applications

Yu-Hsun Chou(Ji#] 5 ), Chia-Jui Chang(5k 5 %), Tzy-Rong Lin(#A & #4), Tien-Chang Lu(J&E % E)
Chin. Phys. B, 2018, 27 (11): 114208. DOI: 10.1088/1674-1056/27/11/114208

Code synchronization based on lumped time-delay compensation scheme with a

linearly chirped fiber Bragg grating in all-optical analog-to-digital conversion

Wang Tao (L), Kang Zhe (FE#5), Yuan Jin-Hui (364 #%), Tian Ye (1Y), Yan Bin-Bin (Zi¥¥1), Sang Xin-Zhu (&
HTHE), Yu Chong-Xiu (R E75)
Chin. Phys. B, 2014, 23 (10): 104212. DOI: 10.1088/1674-1056/23/10/104212


https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad0e5b
https://doi.org/10.1088/1674-1056/ad0e5b
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/acd2c1
https://doi.org/10.1088/1674-1056/acd2c1
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/acd2bd
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/acd2bd
https://doi.org/10.1088/1674-1056/acd2bd
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac0dac
https://doi.org/10.1088/1674-1056/ac0dac
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/27/11/114208
https://doi.org/10.1088/1674-1056/27/11/114208
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/23/10/104212
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/23/10/104212
https://doi.org/10.1088/1674-1056/23/10/104212

Chin. Phys. B 33, 024201 (2024)
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The performance of optical interconnection has improved dramatically in recent years. Silicon-based optoelectronic
heterogeneous integration is the key enabler to achieve high performance optical interconnection, which not only provides
the optical gain which is absent from native Si substrates and enables complete photonic functionalities on chip, but also im-
proves the system performance through advanced heterogeneous integrated packaging. This paper reviews recent progress
of silicon-based optoelectronic heterogeneous integration in high performance optical interconnection. The research sta-
tus, development trend and application of ultra-low loss optical waveguides, high-speed detectors, high-speed modulators,
lasers and 2D, 2.5D, 3D and monolithic integration are focused on.

Keywords: silicon-based heterogeneous integration, heterogeneous integrated materials, heterogeneous inte-

grated packaging, optical interconnection
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1. Introduction

As the foundation stone of the information society, the
development of integrated circuits has been following the
Moore’s law, and has driven economic progress ubiquitously.
However, since 2000, integrated circuits encounter process
bottlenecks (frequency bottlenecks or power wall problems)
and architectural bottlenecks (von Neumann memory wall
problems). With the further development of advanced technol-
ogy nodes from fin field effect transistor (FinFET) to gate all
around field effect transistor (GAAFET), the miniaturization
is stalling because of their physical limits, leakage, reliability,
and yield problems. The global semiconductor industry has
entered the post-Moore era.!!]

However, with the outbreak of data-intensive comput-
ing applications and communication in post-Moore era, such
as artificial intelligence (AI), high performance computing
(HPC), hyper-scale data centers, disaggregated memory and
storage, it has led to the development of a variety of power-
ful, high-throughput, system-on-chip (SoC) solutions that re-
define traditional computing architectures, such as GPU and
machine learning (ML) ASIC scaling, disaggregation of com-
putation and memory, etc.>>! In these new computing archi-
tectures, higher bandwidth density and energy efficiency are
required, but traditional electrical interconnection will be ex-
tremely challenging because of the large signal losses in cop-
per interconnects at high data rate, such as 112 Gb/s, make
it hard to transmit data further than a few centimeters.!®! The
next-generation high-performance interconnection requires a
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new form of universal interconnection that eliminates the bot-
tlenecks created by electrical interconnection.!”! Optical inter-
connection takes the advantages of photons with high band-
width, high speed, low power consumption, and low latency. It
is widely used in optical communication and computing. [8-1?!
The optical interconnection is expected to continue the rapid
development of information technology in the post-Moore era.

At present, optical interconnection mainly relies on the
heterogeneous integration of discrete photonic integrated cir-
cuit (PIC) and electronic integrated circuit (EIC) by hybrid
packaging. Discrete PIC, such as lasers, modulators, pho-
todetectors, is mainly based on materials such as silicon, III/V
compound, LiNbO3, and EIC is mainly based on CMOS pro-
cess, SiGe process and III/V process. The advantage is that
PIC and EIC can be optimized separately. However, as the
requirements for area, power consumption, and bandwidth
density further increase, this single material and integration
method is hard to meet the demand. Silicon-based optoelec-
tronic heterogeneous integration is the most promising way
and has become a research hotspot in the world.*!3] Het-
erogeneous integration includes two cases, one is that dif-
ferent material systems are physically bonded or grown to a
common substrate and processed together to form the final

t,1415] and the other is that it integrates components

componen

from different foundry technology platforms, usually post fab-

rication, using physical attach processes, i.e., packaging.[1®/
In this paper, we review the recent progress of the silicon-

based optoelectronic heterogeneous integration for optical in-
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terconnection. The organization of this paper is as follows.
In Section 1, we introduce the background and significance
of the development of silicon-based optoelectronic heteroge-
neous integration chips. In Section 2, we present the advances
of silicon-based heterogeneous integration with other materi-
als, such as III-V active materials, LiNO3. In Section 3, we
focus on the research progress of silicon based heterogeneous
integrated packaging technology, such as 2.5D and 3D. In Sec-
tion 4, we summarize and look forward to the silicon-based
optoelectronic heterogeneous integration for optical intercon-
nection.

2. Heterogeneous integrated materials enhance
silicon photonic devices performance and add
functionalities

Silicon photonics is compatible with CMOS technology,
and it can employ the existing manufacturing infrastructure es-
tablished by the CMOS electronics industry to achieve large-
scale mass production. It has the advantages of low cost, high
manufacturing scale, high integration, high energy efficiency

17,18

and high reliability.l'”-!8] Over the last decade, silicon-based

optoelectronic devices have made many breakthroughs, such

r.[19-241 However, the performance

as detector and modulato
and functionalities of silicon-based optoelectronic integrated
chips are limited by the silicon material itself, such as low
loss high-speed modulator and integrated high density light
source. But the rapid development of the information society
has put forward higher requirements for photonic integrated
devices in terms of speed, power consumption, footprint, and
integration. It is difficult to meet these requirements by a sin-
gle material system. Heterogeneous integration of silicon pho-
tonics with advanced CMOS, RF electronics and III-V opti-
cal sources and detectors has enabled complex systems, which
is not possible with the native material. It can achieve high
performance silicon photonics and then realize the true sense
of silicon-based optoelectronic monolithic integration system.
That is also a significant advantage of silicon photonics plat-
forms compared to other platforms. Heterogeneous integration
with co-packaged silicon photonics and electronics is the key
towards future high performance optical interconnection.

Heterogeneous integration allows performance optimiza-
tion for both passive and active devices. We will introduce
the most recent results in high-performance silicon photonic
devices using heterogeneous integration.

The typical silicon waveguide loss is on the order of
0.1 dB/cm to 1 dB/cm.[*! As the scale and complexity of
integrated photonic circuits increase, the availability of low
loss integrated photonic waveguides is critical. Silicon-based
heterogeneous integrated silicon nitride waveguides have low
loss, and they are compatible with CMOS processing. Re-
cent advances in silicon nitride waveguides have demonstrated

waveguide loss ranging from 0.1 dB/cm to 0.001 dB/cm
(0.1 dB/m) by using CMOS processing. Silicon nitride waveg-
uide with loss lower than 0.1 dB/cm has been reported.?®! A
recent publication has reported losses as low as 0.1 dB/m us-
ing high-temperature treatment in CMOS foundries.!?’! It is
worth noting that ultra-low loss waveguides make some new
technologies possible, such as on-chip soliton microcombs 28!
and ultra-narrow linewidth integrated lasers,!?°! which will be
further discussed later.

Germanium has a higher mobility than silicon, so silicon-
based heterogeneous integrated germanium devices, such as
modulator and photodetector, have high bandwidth and high
responsivity, and they are fully compatible with CMOS pro-
cessing. A 56 Gbps high-speed Ge electro-absorption mod-
ulator (EAM) has been reported.*°! A recent publication has
demonstrated a 110 Gbit/s NRZ and 160 Gbit/s PAM-4 SiGe
electro-absorption modulator.’?*! The bandwidth of the ger-
manium photodetector (PD) has also been greatly improved,
reaching 60 GHz3!! or even 265 GHz under the condition of
low dark current and good responsivity.3%! Silicon-based het-
erogeneous integrated germanium effectively expands the op-
erating wavelengths of silicon photonic EAM and PD, and it
also greatly improves the bandwidth of the modulator and PD,
thus meeting the needs of high-performance optical intercon-
nection. In addition, silicon-based heterogeneous integration
of other group IV materials, such as GeSn, also shows promis-
ing potential.

Most of group III-V materials are direct bandgap, there-
fore heterogeneous integration I1I-V active materials onto sil-
icon or silicon-on-insulator (SOI) provides optical gain and
thus enables lasers and amplifiers, expanding the complexity
and improving the performance of PICs, such as on-chip inte-
grated high-performance InP directly modulated laser (DML),
externally modulated laser (EML) and PD. Another advan-
tage of heterogeneous III-V/Si lasers is the availability of
on-chip Si mirrors or Si facets as the laser mirror. The
degradation of cleaved facets in monolithic III-V lasers can
thus be eliminated due to the excellent robustness of passive
Si-based mirrors. In 2017, Ghent University demonstrated
56 Gb/s nonreturn to zero on—off keying (NRZ-OOK) ei-
ther by direct modulation or by electro-absorption modulation
based on a high bandwidth heterogeneously integrated III-V
on silicon distributed feedback (DFB) laser.!*3] Another type
of Bragg grating-based laser is a distributed Bragg reflector
(DBR) laser. DBR lasers have the potential to achieve narrow
linewidth with ultra-long external cavity. Recently, University
of California Santa Barbara (UCSB) has reported heteroge-
neous integrated III-V on silicon extended DBR lasers, with
~ 1 kHz linewidth and over 37 mW output power, as well as
a ring-assisted DBR laser with less than 500 Hz linewidth. ¥
The extended DBR lasers are fabricated by heterogeneously
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integrating III-V material on Si as a gain section plus a 15 mm
long, low-kappa Bragg grating reflector in an ultralow-loss
silicon waveguide. By incorporating thermally sensitive sil-
icon waveguides in the laser cavity, heterogeneous integra-
tion allows for widely tunable lasers while maintaining low
round-trip losses. A heterogeneous integrated coherent tun-
able laser (ICTL) has been demonstrated that provides a record
118 nm of wavelength tuning and Lorentzian linewidth below
95 Hz, with —155 dBc/Hz RIN, and a maximum chip power
of ~ 12 mW.I1 As discussed in the previous, SizN, waveg-
uide loss can be lower than that of Si. Further noise reduc-
tion through laser active—passive integration can be achieved
if Si3Ny4 can be integrated within the laser cavity. Hetero-
geneous integrated IIIV/Si/Si3Ny extended DBR lasers with
high-Q SiN resonators have been reported, [36] a5 shown in
Fig. 1. The extended DBR lasers have over 20 mW output
powers with Lorentzian linewidth down to 400 Hz.

In addition to bonding, direct on-chip epitaxial heteroge-
neous integration quantum dot (QD) provides a new way, so
it has become a research highlight. QD lasers offer new op-
portunities for improved performance towards lower thresh-

Si photonic circuits InP/Si
[

P-congct

Ti/Pt heater

=

Spacer SiO,

old current density, narrower linewidth, higher temperature
stability, better immunity to epitaxy and fabrication defects,
and reduced linewidth enhancement factor. In 2016, Hewlett-
Packard Lab demonstrated the first QD laser on a silicon sub-
strate with efficient coupling of light to a silicon waveguide
under the QD gain region, and continuous wave operation
at 100 °C.371 Subsequently, a series of silicon-based light
sources were developed by University College London and
the University of California using silicon-based direct epi-
taxial quantum dot technology.*% It is worth noting that,
a 1310 nm heterogeneous quantum-dot DFB laser on sili-
con with high efficiency and modulation capability has been
reported,*!1 25 Gb/s data-links isolator-free modulation with
a metal-oxide semiconductor capacitor microring modulator
has been achieved, as shown in Fig. 2. A directly modulated
QD/Si heterogeneous DFB laser with 3-dB modulation band-
width of 13 GHz has also been demonstrated.!*?) Fortunately,
several foundries, such as Tower Semiconductor, AIM Pho-
tonics, CEA-LETI, IMEC and IME, are currently exploring
the process of integrating III-V materials with CMOS.

Si/SiN SiN photonic circuits
B |

P-InGaAs

P-InP
N-contact _ InAIGaAs MQW
sl e = N-InP

Si Upper SiO,

- E—

_— o —
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Fig. 1. Heterogeneous integrated IIIV/Si/Si3N, extended DBR lasers. 3%
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QD active region

SiWG

Fig. 2. Hewlett-Packard Lab demonstrated the QD laser for modulation. *!]
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Fig. 3. On-chip comb laser for integrated transmitter.!'#!

As previously discussed, low loss waveguide integrated
gain materials make on-chip optical comb possible. Comb
lasers are ideal for multi-wavelength data interconnects due
to the natural fit with WDM systems. In 2017, an inte-
grated III-V-on-silicon comb laser with a line spacing of
only 1 GHz consisted of more than 1400 densely and evenly
spaced optical lines with below 400-kHz optical linewidth
has been demonstrated.!*3 In 2018, UCSB designed a low-
loss low-reflection taper to seamlessly integrate the ultra-low-
loss waveguide with standard heterogeneous Si/IlI-V inte-
grated photonics platform.**! They also realized low thresh-
old power optical frequency combs on silicon-based hetero-
geneously integrated AlGaAs-on-insulator platform.!*! Re-
cently, due to the advantages of quantum dot as mentioned
above, QD-based III-V/Si comb lasers have demonstrated re-
markably flat optical spectra, and the optical output is contin-
uous wave (CW).[#6! On-chip modulators have been added to

(a) (b) ~
2 Power supply
~1V >100 GHz
————<==—LIMMNLAMTY
s LN chip

——

realize a fully integrated transmitter and open eye diagrams at
10 Gb/s for the 15 highest power channels, and 14 of those
channels have a BER 10712 or better, as shown in Fig. 3. It
is worth noting that, a recent publication has reported the ap-
plication of comb laser to silicon photonic systems,*”) which
fully demonstrates the broad prospects of silicon based het-
erogenous integration of group III-V materials.

Lithium niobate (LiNbO3) has excellent electro-optical
properties. Silicon-based heterogeneous integrated thin film
lithium niobate (TF-LiNbO3) has become a research hotspot.
TF-LiNbO3 greatly improves the performance of silicon-based
modulator, with ultrahigh bandwidth, low loss, and high lin-
earity, and has made great progress in recent years. In
2018, Harvard University demonstrated monolithically in-
tegrated TF-LiNbO3 electro-optic modulators that feature a
CMOS-compatible drive voltage, support data rates up to
210 Gb/s PAM-8, as shown in Fig. 4.1481 In 2020, Univer-
sity of Rochester reported an ultra-miniature silicon-based TF-
LiNbO3 modulator based on photonic crystals, with a tiny
electro-optic modal volume of only 0.58 um?>.*°! The Sun
Yat-sen University demonstrated integrated TF-LiNbO3 in-
phase/quadrature modulators. The bandwidth of silicon-based
coherent TF-LiNbO3 modulator exceeds the equipment test
range 67 GHz for 7.5 mm length, and it supports modula-
tion data rate up to 320 Gbps.’%) Coherent communication
has higher data rate. A dual-polarization TF-LiNbO3 coherent
modulator has been reported, with sub-1-V driving voltage and
110-GHz bandwidth, enabling a single-wavelength 1.96-Tb/s
net data rate with ultrahigh energy efficiency.’>!! Recently, a
TF-LiNbO3; Mach—Zehnder modulator with a 3 dB bandwidth
exceeding 110 GHz has been demonstrated, which shows the
potential of boosting the throughput and reducing cost.®?! Due
to the outstanding advantages of TF-LiNbOs3, it will become
the preferred solution for high-performance on-chip modula-
tors.
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Fig. 4. CMOS compatible TF-LiNbO3 modulator. 8!
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3. Heterogeneous integrated packaging im-
proves the performance of optical intercon-
nection

In additional to heterogeneous integrated materials, het-
erogeneous integrated packaging also shows advantages in op-
tical interconnection. In early telecom and datacom applica-
tions, optical interconnection was realized by discrete elec-
tronic integrated chips (EICs) and photonics integrated chips
(PICs) connection, which limited performance in terms of en-
ergy efficiency, bandwidth, and latency. To improve perfor-
mance of optical interconnection, efforts have been made to
bring electrical-optical chiplets closer by heterogeneous inte-
gration between EICs and PICs. We will introduce it from
2D/2.5D/3D integration to monolithic integration.

3.1. The 2D integration

This approach involves the EIC and PIC being connected
on a printed circuit board (PCB) through a wire-bonding as-
sembly process. The advantage of 2D integration is that it can
design and prepare EIC and PIC separately, which has high
flexibility, and the 2D integrated packaging process is rela-
tively simple. Importantly, compared with discrete devices,
2D integration greatly reduces the distance between EICs and
PICs, so it has a great improvement in performance, and it has
been widely used in academic research and commercial appli-
cations as discussed below.

In 2013, University of Pennsylvania and Cisco demon-
strated a 20 Gb/s data rate and sub-pJ/bit modulation
energy optical transmitter through 2D integrated CMOS
drivers and CMOS compatible multi-segment silicon photonic
modulator.[33 Note that, CMOS driver and silicon photonic
modulator were fabricated by different processes. In 2015,
the University of Southampton reported a 2D integrated opti-
cal transmitter achieving 30 Gb/s with the power consumption
of main driver being 323 mW.* In 2016, a low-cost, small-
size 10 x 11.3 Gbps dense wavelength division multiplexing
(DWDM) optical transmitter through 2D integrated SiGe BiC-
MOS driver with MZ modulator has been demonstrated. !
It showed the integration density advantage of heterogeneous
integration. In 2019, Intel presented a 112 Gb/s PAM4 op-
tical receiver by using a 35 GHz Ge-on-Si-PD wire-bonded
to a 28 nm CMOS linear TIA, and the energy efficiency is
0.96 pJ/bit.5¢1 It demonstrated the bandwidth and the energy
efficiency advantages of heterogeneous integration. In 2020,
Intel demonstrated a 112 Gb/s PAM4 compact low power op-
tical transmitter using silicon photonic MRM with on-chip
laser and 28 nm CMOS driver.!3’! Importantly, it demonstrated
the very high performance of heterogeneous integrated mate-
rials and packaging, such as small footprint, low power, and
high bandwidth. In addition, removing a fiber-to-chip opti-
cal coupler between the on-chip laser and modulator leads to

less overall loss, which can improve the link budget. The
emitted light from a semiconductor laser is also highly po-
larized, eliminating any polarization-based ambiguity at the
input to the modulator. Note that, Intel released large-scale,
high-volume heterogeneous 100 G and 400 G silicon photonic
quad small form-factor pluggable (QSFP) transceivers with
heterogeneously integrated laser in CMOS foundry in 2016
and 2020, respectively, which are shipping millions of units
per year. >8]

Over the past few years, great progress has been made on
2D integration for optical interconnection in China.

In 2020, Institute of Semiconductors, Chinese Academy
of Sciences demonstrated a digital-assisted distributed driver
for 50 Gbps four-level pulse amplitude modulation (PAM4)
silicon photonics transmitter.®°! A clock and data recovery
(CDR) is integrated to recover and demodulate 50-Gb/s PAM4
data into dual 25 Gb/s nonreturn to zero (NRZ) streams for the
co-designed MZM digital-analog converter (DAC). A 50 Gb/s
PAM-4 optical receiver with silicon photonic PD and CMOS
linear transimpedance amplifier (TTA) was also presented, per-
forming 66 dBQ transimpedance gain, 24.4 GHz bandwidth
and 20 dB dynamic range.[®"! The National Information Opto-
electronics Innovation Center demonstrated the optical trans-
mission of an 800 Gbps PAM-4 signal and a 480 Gbps NRZ
signal by using a high-bandwidth (BW) silicon photonic trans-
mitter with the aid of digital signal processing (DSP), as shown
in Fig. 5.161]

| <= Inputt

= FA Outpit-

Al
<=2, Input2

Fig. 5. A 800G silicon photonic transmitter.[°!]

In 2021, Huazhong University of Science and Technology
demonstrated a co-designed optical receiver, which is hybrid-
integrated with a silicon-photonic PD and silicon-germanium
trans-impedance amplifier (TIA), and 100 Gb/s NRZ operation
is successfully achieved with a soft-decision forward error cor-
rection (SD-FEC) threshold, as shown in Fig. 6.°%! The South-
east University presented a low noise 28 Gbaud/s linear re-
ceiver front-end for PAM4 signal. The PAM4 optical receiver
front-end achieves a maximum differential transimpedance
gain of 76 dBQ and —3 dB bandwidth of 27 GHz.[%¥ South-
ern University of Science and Technology demonstrated an
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CMOS process optical receiver analog front-end.®* Wuhan
University designed a 25 Gb/s inductorless optical receiver,
with a high sensitivity and wide dynamic range. (%!

Fig. 6. A 100 Gb/s co-designed optical receiver.[6?]

In 2022, Institute of Semiconductors, Chinese Academy
of Sciences proposed a high bandwidth lumped 50 Gbps PAM-
4 optical transmitter.[°) By grouping these lumped-segment
Mach-Zehnder modulator (LS-MZM) segments in the ther-
mometer code, high linearity modulation is achieved. A recon-
figurable silicon photonics transmitter for short-reach optical
interconnects was also presented. ”! The driver employs a re-
configurable distributed topology to achieve high swing, wide
bandwidth, and flexible operation. A hybrid-integrated opti-
cal transceiver front-end for beyond-400G short-reach optical
links with 8-channel laser drivers and the transimpedance am-
plifier (TIA) was also demonstrated.®8! Xi’an Jiaotong Uni-
versity designed a low-power TIA chip for 50G PON. ]

In 2023, Peking University demonstrated a 16-channel
silicon transmitter based on co-designed PICs and electrical
chiplets. The power consumption of the Si transmitter with a
high integration density featuring a throughput up to 800 Gb/s
is only 5.35 pJ/bit.[70)

The 2D integration packaging is promising and cost, so it
will exist for a long time. Therefore, how to further improve
the performance is an important research direction in the fu-
ture.

3.2. The 2.5D integration

Although 2D integration packaging is economic, but the
link between EICs and PICs is longer, which incites parasitic
inductances and capacitances. And it also limits the shoreline
density of edge electrical interconnections where the EICs and
PICs can be interconnected, restricting its scalability. There-
fore, advanced packaging forms have been proposed. 2.5D
packaging involves the integration of EICs and PICs on an in-
terposer, which mediates electrical signals between the EIC
and PIC as well as PCB. At present, 2.5D integrated approach
is an important method to develop packaging solutions for cur-
rent state-of-the-art photonic system. This is due to the scal-
ability and flexibility of the assembly of photonic and elec-

tronic interconnects associated with this approach. The elec-
trical losses can be reduced by using a suitable low-loss ma-
terial such as high resistivity silicon, low-temperature co-fired
ceramic (LTCC) or glass as an interposer.

In 2017, the Singapore Institute of Microelectronics im-
plemented a 2.5D silicon optical interposer for 400 Gbps,
achieving 50 Gbps per channel.[”!l In 2022, Broadcom in-
troduced a 2.5D integrated 25.6 Tbps optical switch for data
center.[”?] In 2023, University of Toronto demonstrated a lin-
ear TIA receiver based on CMOS technology, which real-
izes the rate of 112 bps and the sensitivity is as low as
—8.2 dBm.[”3! In 2023, Marvell presented their work in the
area of heterogeneous optical integration, where higher lev-
els of integration also allow for closer placement of devices
which minimizes the parasitic power consumed and realizes
higher speed, as shown in Fig. 7.[16]

Although the performance of 2.5D package has no obvi-
ous advantages, mainly because the demand is not so strong,
and the technology has yet to be further mature. Therefore,
how to further improve the performance of 2.5D packaging
will become an important research direction in the future, in-
cluding interposer and integration methods. This is particu-
larly important in China because there are few reports on ad-
vanced packaging in China.

Fig. 7. The 2.5D assembly of the optical engine.[!®!

3.3. The 3D integration

This approach involves the EIC stacked on top of the PIC
through copper pillar bumps allowing the electrical signals to
be transmitted through redistribution lines and through silicon
vias (TSVs) in the EIC. So that will considerably shorten the
traces. It is worth noting that, 3D integration can greatly im-
prove the bandwidth density.

In 2018, Fujitsu developed a high-density optical
transceiver of 363 Gbps/cm? by 3D integration, and all 16
channels error-free operations with low crosstalk penalties
were demonstrated simultaneously, as shown in Fig. 8.4
In 2021, Columbia University presented a compact, 3D-
integrated CMOS silicon photonic transceiver for DWDM in-
terconnects. The transceiver interleaves 64 parallel wave-
length channels enabling the energy efficient scaling of
multi-Tbps/mm? bandwidth density for future co-packaged

[75

chipsets.!””! In the same year, Cisco proposed a new solu-

tion to reduce the interconnect loss in both transmitter and
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receiver paths and a new low-power driver architecture to re-
alize 800G optical links.!”®! In 2021, Intel demonstrated a sili-
con photonic engine for high bandwidth density 800 Gbps us-
ing 3D integration.'3! Obviously, 3D packaging greatly im-
proves bandwidth density and reduces power consumption,
and higher performance is expected to be achieved through
research on 3D packaging materials and integration methods.

(2)

Retimer module

Optical TRx

Package substrate

Fig. 8. Photographs of (a) perspective view, and (b) magnified view of
a developed optical TRx.[74]

3.4. Monolithic integration

This approach involves fabricating the electronic and pho-
tonic elements together on the same platform, using state-of-
the-art processing techniques. The electrical losses and para-
sitics are the lowest in this case due to the co-location of both
functionalities on the same chip. So it will have a better per-
formance in terms of energy efficiency and bandwidth density.
At the same time, the design of EICs and PICs will lose some
flexibility due to the varied node sizes.

In 2013, MIT demonstrated a monolithically integrated
2.5 Gb/s optical modulator with an all-digital driver circuit,
operating with an energy-cost of 1.23 pl/bit and better than
3 dB extinction ratio in a commercial 45 nm SOI process.!”’]
In 2016, IBM demonstrated a monolithic CMOS-integrated
transmitter to achieve single-channel 32 Gb/s error-free trans-
mission with insertion loss as low as 3.8 dB.!78 In 2016, Uni-
versity of California Berkeley proposed a monolithically inte-
grated auto-tuning micro-ring DWDM transmitter with sub-
pJ/bit energy efficiency and a high-density, high-sensitivity
full-differential splitter receiver based on CMOS 45 nm SOI

79801 Tt is worth noting that, the receiver improves

process.|
the sensitivity by fully differential suppression of common-
mode and power noise. This is an advantage of mono-
lithic integration. In 2016, IHP demonstrated a silicon pho-
tonic transmitter with monolithically integrated segmented lin-
ear driver and Mach-Zehnder modulator (MZM), achieving
30 pl/bit energy efficiency at 50 Gb/s.[81] In 2018, Univer-
sity Paderborn demonstrated the first monolithically integrated
coherent receiver with bitrates up to 128 Gb/s for a single
polarization.[®?! In 2018, University of California Berkeley
demonstrated an optical NRZ transmitter based on micro-ring
modulator in a monolithic process, achieving 330 fJ/bit en-
ergy efficiency and 6.7 Tbps/mm? bandwidth density.[33 Tn

2020, Ayar Labs demonstrated a monolithically integrated

low power, Tbit-level optical interconnection. (341 [n 2023, Ra-
novus demonstrated a monolithically integrated 800G optical
interconnection with high bandwidth density and good energy
efficiency.”!

Due to the limitation of the process, the research on
monolithic integration in China started late. Institute of Semi-
conductors, Chinese Academy of Sciences began to explore
monolithic integration in 2018. In 2019, the optical receiver
integrated silicon photodetector (PD) and trans-impedance
amplifier (TTA) into a single chip has been designed to achieve
high bandwidth density and good energy efficiency. The test
results showed that the data rate of the receiver can reach
64 Gb/s PAM4 per channel and the energy consumption is
lower than 100 mW. By optimizing the circuit, it should be
able to achieve 112 Gb/s or even 224 Gb/s per channel in the
future.

Monolithic integration has excellent performance. The
development of monolithic integration process, including het-
erogenous integration of other materials, will have a broad de-
velopment space.

4. Conclusion and perspectives

In the post-Moore era, with the rapid growth of high-
performance interconnection demand, optical interconnection
has ushered in the best opportunity for development. To date,
heterogeneous integration of materials such as silicon nitride,
germanium, I1I-V compounds, and lithium niobate, as well as
heterogeneous integrated packaging technologies such as 2D,
2.5D, 3D, and monolithic integrations, have achieved high per-
formance, high bandwidth density, and low power consump-
tion. These advances have had a revolutionary impact on the
current integrated circuit technology. However, heterogeneous
integration still faces many challenges. First, in terms of ma-
terial epitaxy. Increasing waveguide thickness is an effective
method for further reducing the loss of silicon nitride waveg-
uides, but silicon nitride waveguides face serious stress prob-
lems, and they will crack when the films are thick. Itis still dif-
ficult to grow thick silicon nitride at low temperature. Direct-
bandgap IV group alloys such as GeSn epitaxy still have a
large number of dislocations. The problems of lattice mis-
match, thermal mismatch and reverse phase domain exist in
the heterogeneous epitaxy of III-V materials, and it is difficult
by bonding, making low product yield. Currently, thin-film
lithium niobate is prepared by bonding, which is also hard to
improve production yield, resulting in high cost. In addition,
the device manufacturing process of thin-film lithium niobate
is not yet mature, and a standard process has not been estab-
lished, making large-scale production difficult. Secondly, in
terms of packaging integration. Advanced packaging (such as
chiplet) still faces a series of problems such as heat dissipation,
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pressure, and reliability, and the standards have not been estab-
lished. The advanced materials and devices required for ad-
vanced optoelectronic packaging are still in the development
stage, and the industrial chain is not mature. These hinder the
large-scale deployment of advanced packaging.

In the future, heterogeneous integration has a package
of issues to be studied and broken through to achieve more
functions, better performance, higher energy efficiency and
lower costs. First of all, in terms of material growth integra-
tion. It is also necessary to explore the growth mechanism,
growth method or bonding way to improve material quality
and reduce the complexity of the manufacturing process. Re-
searching high heat dissipation capacity, high performance,
and high reliability packaging materials is the key to the fu-
ture application of heterogeneous integration. Furthermore,
facing new applications, new types of devices need to be de-
veloped, including but not limited to low-loss, micro-scale,
multi-functional, and multi-dimensional reconfigurable pho-
tonic devices such as low-loss waveguides, couplers, micro-
ring (disk) modulators, and developing low-cost, miniaturized,
simple and reliable packaging connectors. Breakthroughs in
traditional device integration methods, new integration archi-
tectures are studied, such as multi-bus optical paths to reduce
insertion loss and improve parallelism, and multi-FSR designs
to reduce crosstalk, etc. Finally, in terms of system integration,
multi-material system integration (lasers and amplifiers), and
ultra-large-scale integration (12 inches) will become the devel-
opment trend, so the following three aspects need to focus on
research. (1) Ultra-high-density (prs/mmz) and low-energy
consumption (pJ/bit) on-chip optical interconnect technology,
to achieve an order of magnitude increase in bus bandwidth
density and promote revolutionary innovation in the architec-
ture of computing systems. (2) High-bandwidth (Pb/s) and
low-latency (10 ns) key processes and technologies for optical
interconnects between chips, enhancing the computing power
of AI chips. (3) The 12-inch CMOS compatible electronic-
photonic convergence integration, realizing disruptive archi-
tecture innovation of chips. However, multi-material integra-
tion and advanced packaging will be the key enablers for suc-
cess.
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