PERSPECTIVE | AUGUST 13 2025

Perspectives of active Si photonics devices for data
communication and optical sensing @

Xiaoxin Wang & © ; Tianshu Li © ; Juejun Hu @ ; Jifeng Liu & ©

L@ Check for updates ‘

J. Appl. Phys. 138, 060901 (2025)
https://doi.org/10.1063/5.0263644

) cHORUS

@ B

View Export
Online  Citation

0
O
(/5]
2

on

r— o)
e 0
5o
o Q

- <

Articles You May Be Interested In

Progress in mid-infrared optoelectronics for high-speed free-space data throughput

APL Photonics (January 2025)

° /7\ L
H Nanotechnology & R _ , . Optics & @ Impedance % Scanning Probe —_— Failure Analysis &
Materials Science Photonics Analysis L Microscopy = Sensors T Semiconductors

L..=] Unlock the Full Spectrum.
¥ From DC to 8.5 GHz.
NEnEN=Relone - ~ Your Application. Measured.

Lr ] ~/ oo
JEEIE T e N\ Instruments

AIP
é/_‘. Publishing

Zv:20:50 G202 1snbny zZ


https://pubs.aip.org/aip/jap/article/138/6/060901/3358641/Perspectives-of-active-Si-photonics-devices-for
https://pubs.aip.org/aip/jap/article/138/6/060901/3358641/Perspectives-of-active-Si-photonics-devices-for?pdfCoverIconEvent=cite
javascript:;
https://orcid.org/0000-0002-8307-6507
javascript:;
https://orcid.org/0000-0002-0529-543X
javascript:;
https://orcid.org/0000-0002-7233-3918
javascript:;
https://orcid.org/0000-0003-4379-2928
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0263644&domain=pdf&date_stamp=2025-08-13
https://doi.org/10.1063/5.0263644
https://pubs.aip.org/aip/jap/article-pdf/doi/10.1063/5.0263644/20644441/060901_1_5.0263644.am.pdf
https://pubs.aip.org/aip/app/article/10/1/010905/3331972/Progress-in-mid-infrared-optoelectronics-for-high
https://e-11492.adzerk.net/r?e=_dXRtX3NvdXJjZT1BSVAqV2lsZXkmdXRtX21lZGl1bT1Kb3VybmFscyZ1dG1fY2FtcGFpZ249MjAyNXByb21vTG9ja2luR2VuZXJhbF9fO0t3ISFOMTFlVjJpd3RmcyF2OWhacmxjSWVPeWN4VUIzSmhLMkhWNEthdHFpTGt4X3MxUmJUMi0wQUZQdUhtSDRObFNDSzQwWWNDOUFvYmlWUFhzWUstVDBwNUJnODBScHRMNWN3eTdIJCJ9&s=xWZOPib8LuLoL6DMZpkq68B7R7w

Journal of
Applied Physics

PERSPECTIVE pubs.aip.org/aip/jap

Perspectives of active Si photonics devices for data
communication and optical sensing @

Cite as: J. Appl. Phys. 138, 060901 (2025); doi: 10.1063/5.0263644

Submitted: 5 February 2025 - Accepted: 18 July 2025 -
Published Online: 13 August 2025

@

View Online

®

CrossMark

th

Export Citation

Xiaoxin Wang,"® © Tianshu Li,? ) Juejun Hu,”

and Jifeng Liu"*’

AFFILIATIONS

"Thayer School of Engineering, Dartmouth College, Hanover, New Hampshire 03755, USA
?Department of Civil Engineering, George Washington University, Washington, DC 20052, USA
*Department of Materials Science and Engineering, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA

@ Authors to whom correspondence should be addressed: Xizoxin \Wang@Dartmout.edu and Jifeng.Liu@Dartrmouth.edu

ABSTRACT

Si photonics has made rapid progress in research and commercialization in the past two decades. While it started with electronic-photonic
integration on Si to overcome the interconnect bottleneck in data communications, Si photonics has now greatly expanded into optical
sensing, light detection and ranging (LiDAR), optical computing, and microwave/RF photonics applications. From an applied physics point
of view, this perspective discusses novel materials and integration schemes of active Si photonics devices for a broad range of applications in
data communications, spectrally extended complementary metal-oxide-semiconductor (CMOS) image sensing, as well as 3D imaging for
LiDAR systems. We also present a brief outlook of future synergy between Si photonic integrated circuits and Si CMOS image sensors
toward ultrahigh capacity optical I/O, ultrafast imaging systems, and ultrahigh sensitivity lab-on-chip molecular biosensing.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0263644

I. INTRODUCTION

Si photonics is a disruptive technology that synergistically inte-
grates the advantages of photons in communication and sensing
with those of electrons in data processing. Leveraging the mature
complementary metal-oxide-semiconductor (CMOS) technology,
silicon photonics is an attractive and highly scalable solution to the
interconnect bottleneck’ in order to achieve functionality extension
beyond Moore’s law. Analogous to electronic integrated circuits
(ICs), Si photonic integrated circuits (PICs) comprise a variety of
building blocks on a single chip to achieve complex functions,
including photon generation, modulation, routing/switching, fil-
tering, detection, and processing. From its inception, a wealth
of innovations in Si photonic devices have made their debut,
such as high refractive index single-crystal Si waveguides,”
tensile-strain-enhanced’/waveguide-integrated Ge/Si photodiodes,
Ge/Si avalanche photodiodes,” high-speed Si free-carrier modulator®
and GeSi electroabsorption modulators (EAMs),” heterogeneously
integrated III-V quantum well (QW)® and monolithic quantum dot
(QD) lasers on Si,” and monolithic band-engineered Ge'""? and
GeSn lasers on Si.'”'* The key performance milestones of passive
photonic devices [waveguides, splitters, couplers, (de)multiplexers],

active photonic devices (lasers, modulators, and detectors), and
system integration for Si PIC have been reviewed recently.'” Mature Si
photonics components, such as silicon-on-insulator (SOI) and silicon
nitride waveguides, high-speed Si modulator, and Ge-on-Si photode-
tectors (PDs), have already been included in the process design kits
(PDKs) of photonics foundries exemplified by the American Institute
for Manufacturing Photonics (AIM Photonics)'® and Interuniversity
Micro-Electronics Center (IMEC),"” the latter also incorporating GeSi
EAMs. The trend of fabless Si photonics enables an emerging ecosys-
tem with PDKs, testing equipment, and foundries.'” In a similar
fashion to electronics, shuttle-based multi-project wafer (MPW) ser-
vices entitle designers to share the same mask and fabrication process,
and cost, which facilitates proof-of-concept research and rapid shift
from research prototype to product development."®

The innovation and breakthrough in Si photonics also sped
up its successful commercialization. In 2014, Acacia demonstrated
the first coherent Si transceiver for long haul.'” Intel debuted its
100G pluggable transceivers up to 10km in 2016, 400G
(4x 100 G) transceivers in 2020,”" and a 224 Gb/s per channel
optical sub-system in 2023 toward 800 G Data center Reach 4-lane
(DR4).”' In 2024, Intel further demonstrated the first optical
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compute interconnect (OCI) co-packaged with CPU with bidirec-
tional 4 Tbps data communication capability.”” This was imple-
mented using eight on-chip lasers in the O-band for wavelength
division multiplexing (WDM), each carrying eight channels at
64 Gb/s data rate. In recent years, Si PICs have also been extending
to other important applications. For example, Si-based phase shift-
ers and antennas have been applied to optical phase arrays (OPAs)
for beam steering without moving parts,” leading to prototype
frequency-modulated continuous wave (FMCW) light detection
and ranging (LIDAR) systems at eye-safe 1550 nm wavelength
being commercialized by Analog Photonics, Inc.”* The same
platform has also been applied to optical computing, including
quantum computing.

In parallel, fundamental research has been focusing on novel
materials and device-level technologies for emerging applications.
Si photonics is now broadly referred as PICs on Si platform regard-
less of materials or integration methods. Recent advances in the
active devices aim at a higher performance level, i.e., higher speed
and efficiency at lower loss and power consumption. Therefore, the
scope of Si photonics is already far beyond monolithic integration
based on group IV elements (Si, Ge, and Sn) or CMOS dielectrics
(e.g., SiO, and SizNy). It has been extended to oxides, e.g., transpar-
ent conductive oxides (TCOs), LiNbO; (LN), BaTiO; (BTO), and
2D materials (e.g., graphene) for photonic modulation as well as
heterogeneous integration with III-V compounds for lasers and
semiconductor optical amplifiers. The wavelengths of interest also
extend from ~1310/1550 nm used in data communication and tele-
communication to short-wave infrared (SWIR) and mid-wave
infrared (MWIR) range for optical spectral and image sensing.
Another trend is the integration of nonlinear optical (NLO) com-
ponents. For example, SizN,; NLO platform is emerging thanks to
the low loss at high-power density, which allows on-chip frequency
comb generation for WDM.”> The combination of SizN, on SOI
platform can also benefit from the relatively large refractive index
contrast and small device footprint of SOL'®”° Active material plat-
forms are also utilized to ensure high film crystallinity and good
device performance, such as Ge on insulator (GeOI), GeSn on
insulator (GeSnOI),”*® and thin film LN (TFLN) on insulator
(TFLNOI).” Therefore, Si photonics technology is tremendously
expanding its library of materials, devices, standard design rules
and integration approaches, which will speed up the development
of Si PICs for various applications in the next decade, such as pho-
tonic computing,””’" optical sensing,”” and integrated microwave
photonics for wireless communication and photonics-enhanced
radar sensing.”’

The aim of this Perspective is to provide an assessment and
new visions toward emerging active photonic device technologies
for Si PICs, especially from an applied physics point of view.
In Sec. II, we will start with recent progress in enriching active pho-
tonic materials and integration schemes for Si PICs, which can
greatly enhance the device performance and bring in new function-
alities. In Sec. III, we will discuss recent progress and emerging
trends in active Si photonics devices, including lasers, modulators,
photodetectors, and image sensors. The challenges and visions of
future Si photonics technologies will also be discussed. In Sec. IV,
we will present a brief outlook on the future synergy between Si
CMOS image sensors (CIS) and Si PICs that could mutually
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benefit the development of each other. We then project a roadmap
of Si active photonic devices in Sec. V before concluding this
Perspective in Sec. V1.

Il. ENRICHING ACTIVE PHOTONIC MATERIALS AND
INTEGRATION SCHEMES FOR Si PICS

This section will discuss recent progress and discoveries in
active photonic materials and integration schemes for Si PICs. In
Sec. IT A, we will focus on atomic ordering as a newly discovered
physical mechanism and degree of freedom to engineer the band
structures of SiGeSn alloys on Si for short-wave and mid-wave
infrared (SWIR and MWIR) photonic sensing and LiDAR applica-
tions. Other novel materials platform, such as TCOs, BTOs, AlN,
thin film LN, and InAs quantum dots (QDs), will be discussed
later in Sec. III under modulators and laser sections. Section 1I B
will present new back-end-of-line (BEOL) processing schemes to
better incorporate emerging active photonic materials into Si PICs
toward high-volume photonic manufacturing,

A. Emerging active photonic materials for SWIR/MWIR
Si photonics

In the past two decades, epitaxial Ge/Si photodetectors have
become a standard component in Si PIC.'™"” As a natural exten-
sion, in recent years, GeSn and SiGeSn materials and devices have
been investigated toward monolithic SWIR/MWIR photonics on Si.
Two major motivations are: (1) transformation into direct gap
semiconductors with significantly enhanced optoelectronic proper-
ties and (2) bandgap shrinkage for spectral extension into the
SWIR and MWIR regimes for imaging and optical spectral sensing.
While electrically pumped GeSn lasers'***® and Franz-Keldysh
(FK) electro-absorption effect’’ have been demonstrated in recent
years, a key limiting factor is the lack of lattice-matched hetero-
structures with sufficient band offset (>0.1eV) to effectively
confine the carriers up to room temperature, in contrast to their
high-performance III-V counterparts. This issue severely limits the
performance of SiGeSn/GeSn quantum well (QW) lasers and
quantum-confined Stark effect (QCSE) electro-absorption modula-
tors. For example, the barrier heights in the GeSn QW lasers'****¢
were too small to confine carriers effectively, limiting the operation
temperature to <150 K so far. Therefore, new physical mechanisms
are needed to achieve a large band offset under the constraint of
lattice matching in SiGeSn systems.

To realize lattice-matched heterostructures/QWs for high-
performance SiGeSn SWIR/MWIR active photonic devices, engi-
neering atomic short-range order (SRO) in SiGeSn has recently
emerged as a new degree of freedom for band engineering, beyond
chemical composition and strain. Atomic SRO refers to the prefer-
ence or avoidance of neighboring atomic species, especially in the
first, second, and third nearest neighbor (INN, 2NN, and 3NN)
shells. For example, a Sn atom may prefer to have a Ge atom as its
first nearest neighbor rather than another Sn atom in order to min-
imize the local lattice distortion. This is in contrast to random
alloys, where all the atoms distribute randomly on the lattice sites
without any preference of neighboring atomic species. SRO in
GeSn was first discovered in 2020 through first-principles computa-
tional modeling,”® where Sn-Sn 1NN was considered energetically
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unfavorable due to the large local lattice distortion induced by Sn
atoms (~15% larger than Ge atoms). Consequently, Sn-Sn INN is
strongly depleted in more thermodynamically stable SRO GeSn
alloys compared to random alloys, while Sn-Sn 3NN is strongly
enhanced correspondingly. Effectively, Sn-Sn INN are “repelled”
to the 3NN shells in order to minimize the local strain induced by
Sn atoms. This factor induces a notable difference between the
bandgaps of SRO vs random GeSn alloys as the Sn composition
increases above 15 at. %. While the random alloy model predicts a
vanishing bandgap in GeSn at ~22at. % Sn, this semiconductor-
semimetal transition has not occurred even at 35at. % Sn when
taking into account SRO,”® which is consistent with the experimen-
tal results.”

Furthermore, first-principles theoretical modeling found even
more significant impact of SRO on SiGeSn ternary alloys. Since Si
atoms are ~4% smaller than Ge while Sn atoms are ~15% larger,
the interplay between Si and Sn atoms leads to a more sophisticated
SRO that compensates the lattice distortion induced by each other.
Jin et al. found that two different types of SRO can co-exist in
Sig.125Gep 625510 .25 alloys due to nearly identical Gibbs free energies,
one called regular SRO (R-SRO) and the other called enhanced
SRO (E-SRO), as shown in Fig. 1.** R-SRO predominantly features
Sn-Sn INN repulsion similar to GeSn alloys [Fig. 1(a), left panels],
as well as some degree of preference for Si-Si INN. This suggests

(a)

Ge-Ge Ge-Ge
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the formation of Si-Si-Sn neighboring configurations to compen-
sate the local strain. E-SRO, in contrast, is an even more ordered
structure featuring strong repulsions between Sn-Sn, Si-Si, and
Si-Sn INN and attraction between Ge-Sn and Ge-Si 1NN [Fig. 1(a),
right panels], indicating a dominance of Si-Ge-Sn neighboring
configuration to dissipate the strain induced by the large Sn atoms.
While E-SRO is slightly more effective in reducing the lattice
distortion induced by Sn atoms than R-SRO, it also has lower con-
figuration entropy due to more ordered motifs. Therefore, overall
their Gibbs free energies are almost degenerate, leading to their
coexistence.

Strikingly, such differences in atomic SRO can lead to dramat-
ically different bandgaps of the same SiGeSn alloy composition
[Fig. 1(b)]. For example, the modeled bandgaps for the identical
composition of random, R-SRO, and E-SRO Sig1,5Geg 62551025
alloys are 0.25eV (direct), 0.5eV (direct), and 0.75¢eV (indirect),
respectively, differing by as much as three times."’ These results
further suggest that lattice-matched SiGeSn heterostructures/QWs
with large band offset could potentially be implemented based on
differences in SRO rather than composition, offering a new degree
of freedom for band engineering. These lattice-matched SRO het-
erostructures have been modeled very recently by Jin et al®'
Figure 2 shows a few examples. In particular, E-SRO and random
Sig.125Geg6255n0,5 alloys form a type-I heterostructure with

(b)
(eV)

20

0.9

Random
Direct

FIG. 1. (a) Atomic configurations of exemplary R-SRO and E-SRO Sig 125G€g 62550 25 supercells from Monte Carlo sampling upon energy minimization. Si, Ge, and Sn
atoms are represented by yellow, purple, and silver, respectively. The corresponding SRO polygons (lower panels) show the average Warren-Cowley SRO parameters of
different atomic pairs, defined as (1 — PAN")/xs, where PS™ is the occupation probability of B atoms in A atoms’ KNN shells, and Xz is the composition of B in the alloy.
The dashed-line hexagon indicates the Warren-Cowley SRO parameters of random alloys. Data points within the hexagons indicate attraction/preference of the correspond-
ing atomic pairs as 1NN, while those outside the dashed-line hexagon indicate repulsion/avoidance. (b) The corresponding band structures of random, R-SRO, and
E-SRO Si 125G€0.6255n0.25 alloys. The color bar indicates the Bloch spectral weight. Adapted with permission from Xiaochen Jin, Shunda Chen, and Tianshu Li, Commun.
Mater 3, 66 (2022). Copyright 2022 Author(s), licensed under a Creative Commons Attribution (CC BY) license.
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0.38 eV

Airact 0.77 eV

0.77 eV
indirect
indirect

Valence Band

E-SRO

R-SRO

E-SRO

Valence Band

Conduction Band

0.26 eV
direct

0.38 eV
direct

Valence Band

Random R-SRO Random

FIG. 2. Calculated band offsets in lattice-matched, iso-compositional Sig 125G€g.6255n0.25 SRO heterostructures based on differences in atomic ordering from first-principles
modeling. The gray, blue, and yellow atoms represent Ge, Si, and Sn, respectively. Heterojunctions between enhanced short-range order (E-SRO) and regular SRO
(R-SRO) and E-SRO/Random lead to type | band alignment, where the bandoffsets are >0.2 eV for both the conduction and valence bands in the latter case. By compari-

son, R-SRO/random vyields Type-II heterojunctions.

>0.2 eV band offset in both conduction and valence bands. Other
E-SRO and SRO supercells show tunable Type I band offsets
between 0.1 and 0.3 eV,"' similar to the case of AlGaAs/GaAs
QWs for high-performance electrically pumped lasers at room
temperature. This will be further discussed in Sec. II1.
Experimentally, SRO in GeSn has been verified through two
independent extended x-ray absorption fine structure (EXAFS)
studies. Lenz et al. studied Sn-Sn SRO in GeSn nanowires (NWs)
with ~10at. % Sn and found that the occurrence of Sn-Sn 1NN is
only ~60% that of random alloys."” Independently, we investigated
the EXAFS data of nearly relaxed 800 nm-thick GeSn thin films
grown by chemical vapor deposition (CVD)*’ with ~18at. % Sn
composition. We found that fitting the experimental EXAFS data
in Fig. 3(a) essentially does not need to include Sn-Sn 1NN scatter-
ing paths. Therefore, we reached a small average Sn-Sn INN coor-
dination number (C.N.) of 0.08 [Fig. 3(b)], in good agreement with
the theoretical value of 0.10 for SRO GeSn with 18.75at. % Sn.”
Even the upper limit of Sn-Sn INN C.N. of 0.26 from the EXAFS
data fitting is still much lower than that of the random GeSn alloy
of the same composition, i.e., 4 INN in diamond cubic structure
times 18% probability of having a Sn atom in the INN shell for
random alloys = 0.72. This result strongly supports the theoretical
prediction of SRO in GeSn: Sn-Sn 1NN is unfavorable thermody-
namically due to the large local lattice distortion. For SiGeSn alloys,
very recent analyses of atom probe tomography (APT) experimen-
tal data using a physics informed Poisson-Kth Nearest Neighbor
(KNN) statistical method** have also confirmed the theoretically
predicted SRO in SiGeSn with a clear preference of Si-Si 1NNs.*
The Si-Si INN SRO parameters also quantitatively agree with the
theoretical predictions after considering the atomic position pertur-
bations in practical APT measurements induced by laser pulse and
electric field evaporation of the atoms. Furthermore, the SiGeSn

atomic SRO is supported by four-dimensional scanning transmis-
sion electron microscopy (4D-STEM) studies, showing energy-
filtered diffuse diffraction patterns highly consistent with theoreti-
cally modeled SiGeSn supercells featuring Si-Ge-Sn motifs.***”

In terms of further controlling the SRO in (Si)GeSn alloys
toward implementing lattice-matched iso-compositional SiGeSn
SRO heterostructures and QWs shown in Fig. 2, our recent studies
have identified two feasible approaches for in situ and ex situ
control, respectively:

(1) In situ control during the epitaxial growth by engineering
surface chemistry'” and/or surface termination."” This
approach helps us to implement SRO heterostructures in the
growth direction, i.e., normal to the surface. For example, we
found that SiH,Cl, precursor in CVD growth leads to a stron-
ger preference of Si-Si 1NN than Si,Hg precursor in SiGeSn
alloys.”” Considering that R-SRO exhibits some preference of
Si-Si INN while E-SRO exhibits repulsion, as discussed earlier,
these preliminary results imply that SiH,Cl, might favor
R-SRO while Si,Hg may favor E-SRO. Indeed, recent Raman
studies on the latter case also suggest strong depletion of
Sn-Sn and Si-Sn 1NN that are consistent with the features of
E-SRO." Further considering that we also have several choices
for Ge and Sn precursors in SiGeSn CVD process, SRO in
SiGeSn can potentially be controlled conveniently by switching
growth precursors to modify the band structure while main-
taining the same composition and lattice constant, thereby
achieving lattice-matched SRO heterostructures and QWs
modeled in Fig. 2. Across different growth methods, we also
found that GeSn thin films grown by molecular beam epitaxy
(MBE) have a stronger preference for Sn-Sn 1NN than their
CVD counterparts of similar composition.*® First-principles
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FIG. 3. (a) An example of fitting the Fourier transform of EXAFS data on Sn K-edges, including the magnitude (upper panel) and the real part of the x-ray absorption fine
structure parameter y, (lower panel). (b) Comparison between experimentally measured (from EXAFS fitting) and theoretically modeled Sn-Sn 1NN, 2NN, and 3NN coordi-
nation number (C.N.) vs shell radius. The depletion of 1NN from EXAFS is a strong evidence of SRO in epitaxial GeSn thin films.

computational modeling shows that this is likely due to the
atomic H surface termination in CVD vs surface reconstruc-
tion under ultrahigh vacuum in MBE. This fundamental differ-
ence in surface termination modifies the formation energy of
Sn-Sn INN at the growth front, where H surface termination
increases the formation energy of Sn-Sn INN by ~35meV,
thereby suppressing Sn-Sn INN at the growth front.
Interestingly, atomic H termination has been reported in SiGe
alloys growth to induce Si surface clustering,” opposite to the
impact on Sn-Sn 1NN observed in this case. Therefore, engi-
neering surfactants during the growth could provide another
possible approach for in situ SRO control especially for MBE
SiGeSn.

Ex situ control via ion beam modification. This approach helps
us to further implement SRO heterostructures in the lateral
direction. Recently, Vogl et al.** have discovered that He* radi-
ation on the order of tens of keV could be utilized to modify
atomic SRO in SiGeSn alloys without introducing crystallo-
graphic defects. Due to the small mass of He" ions, most of
them simply pass through the SiGeSn thin film without strong
interaction. Only a small fraction (<10%) of He" ions tran-
siently create atomic recoils or vacancies, which allows atoms
to swap positions with their nearest neighbors and thus modify
the SRO. Depending on the dose of the He" ions, the SRO in
SiGeSn can be reduced or even enhanced based on the corre-
sponding diffuse diffraction patterns in in situ 4D-STEM anal-
yses. Combined with nanolithography, this approach offers the
flexibility of implementing lateral SRO QWs wherever needed,
or combined with vertical heterostructures to define nanowires.

()

Interestingly, these in situ and ex situ SRO control methods
are very much analogous to the case of implementing doping pro-
files in semiconductor devices, where in situ doping during the
growth and ex situ doping via ion implantation are both applied to
achieve sophisticated device structures. Therefore, further develop-
ing these SRO control methods will establish a complete toolset

toward SRO-based band engineering not only in the vertical
growth direction but also lateral directions, offering new degrees of
freedom for designing and fabricating high-performance SiGeSn
SWIR and MWIR active integrated photonic devices.

Beyond SRO engineering in (Si)GeSn alloys, very recent first-
principles computational modeling by Liang et al.”" also discovered
that more drastic band engineering could be implemented using
GeSn digital alloys (Das) incorporating Sn mono/bilayers, poten-
tially decreasing the direct bandgap all the way down to a few meV
at an average Sn composition <10 at. % to cover the entire IR spec-
trum. Note that these structures are different from commonly
used ITI-V superlattices”* and digital alloys™ for avalanche photo-
diodes in that they embed Sn atoms into (111) atomic bilayers with

a thickness of ~ (Y—E) a, where a is the lattice constant (see Fig. 4).

Therefore, we call it “§ digital alloy” (8-DA) and label them as
Ge,Sn;(111), indicating superlattices comprising repeating units of
n atomic layers of Ge and 1 atomic layer of Sn along the [111]
direction. While conventional DAs are mostly short-period super-
lattices engineering the envelope wavefunction, 3-DA directly mod-
ifies the atomic orbitals between nearest neighbors, thereby
enabling a more dramatic modification of the band structure inac-
cessible to conventional DAs.

Due to the significantly larger atomic size of Sn, in addition to
the local dilation of the lattice induced by the Sn monolayer, the
lattice relaxation also leads to an elongation along the vertical [111]
growth direction (since the top surface is free to expand) and a
lateral contraction on the (111) plane compared to a perfect
diamond cubic structure. This type of lattice distortion induced by
the Sn monolayer not only reduces the bandgap but also enhances
the inversion between the conduction and valence bands. The
direct bandgap is decreased to 2 meV at n =11, while regular GeSn
alloys at the same composition (i.e., 8.3% Sn) would be a semicon-
ductor with a direct gap of ~0.55 eV.”*>* Theoretical modeling also
shows that intermixing of Ge and Sn atoms within each bilayer
would further decrease the bandgap due to formation of Sn-Sn
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FIG. 4. Schematics showing the lattice distortion induced by a Sn monolayer in
GeSn 5 digital alloys (-DAs).

INN that enlarges the lattice distortion. This comparison indicates
that concentrating the Sn atoms into a 2D mono/bilayer induces a
much larger impact on the band structure than randomly dispers-
ing them into the lattice of GeSn alloys. It offers a highly effective
approach to tune the bandgap of GeSn from 0.55€eV to 2 meV by
controlling atomic ordering, without changing the chemical com-
position or inducing further lattice mismatch, to cover the entire IR
spectral regime. Further reducing n below 11 will lead to topologi-
cal Dirac semimetals for integrated quantum materials and devices
on Si.”" For similar 8-DAs on (001) substrates, i.e., Ge,Sn;(100),
the distortion of the tetrahedral diamond cubic structure is differ-
ent, but notable bandgap shrinkage compared to random alloys is
still predicted.

Interestingly, while Ge/Sn phase separation due to the solubil-
ity limit has been a concern for regular GeSn alloys, the 3-DA
deliberately creates monolayer Sn phase separation. Within each Sn
monolayer, Sn-Sn form 2NN instead of energetically unfavorable
INN. Therefore, both factors help to stabilize the 8-DA for practi-
cal implementation. We also noted early efforts in growing
Ge,oSn,(001) superlattices by MBE in the early 1990s with bilayers
of Sn atoms,” which can be refined and extended to grow these
Ge,Sn; 8-DAs in future experimental studies.

To summarize this section, we envision that these new the-
oretical and experimental discoveries on (Si)GeSn SROs and
Ge,Sn; 8-DAs will be promising to boost the performance of
future SWIR/MWIR lasers, modulators, and photodetectors
monolithically integrated on the Si platform for LiDAR and
optical sensing applications.

B. Emerging BEOL processing for high-volume, active
photonic device integration

So far, active photonic devices in Si PICs are mostly based
on monolithically integrated Si and epitaxial Ge-on-Si materials
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(e.g., Si modulators and Ge photodetectors), as well as hybrid inte-
grated III-V lasers. The former has limitations in optoelectronics
properties and device performance, while the latter faces challenges
in wafer-scale integration. As an example, for electro-optical (EO)
modulators in RF integrated photonics, LN and BTO are far supe-
rior to Si in terms of insertion loss (IL), optical power density, and
linearity of modulation, thanks to nearly zero two-photon absorp-
tion (TPA) at telecom wavelengths and the large linear EO coeffi-
cients (LEO, i.e., Pockels effect). However, these high-performance
materials are difficult to integrate directly into Si CMOS processing
flow in standard foundries due to exotic crystal structures (e.g., LN)
or lattice match in heteroepitaxy (e.g., BTO). Furthermore, currently
heteroepitaxy of Ge photodetectors requires high-temperature
growth (650-750°C) on Si CMOS layer, which competes with tran-
sistors for real estate and complicates the fabrication process.
Therefore, BEOL processing becomes an ideal approach to integrate
these high-performance photonic materials above the electronics
layers without perturbing standard CMOS processing. BEOL pro-
cessed photonic layers may also lead to 3D photonic integration to
boost the density and functionality of Si photonics. There are two
emerging solutions for BEOL processing of active photonic devices,
as summarized below.

1. High-throughput heterogeneous integration (HI)

Currently, parallel transfer of multiple III-V chips and wafer-
scale HI on Si photonic platform are being investigated to enhance
the throughput for high-volume photonic integration. Parallel
transfer printing of multiple III-V coupons on Si using elastomer
stamps has been reviewed recently in Ref. 56. Furthermore, we also
note recent progress in “grafting” heterojunctions to address the
lattice mismatch challenge for active photonic devices. A major
difference of “grafting” from other HI techniques is that it forms
III-V/tunneling oxide/Group IV abrupt heterojunctions with high-
quality interfaces, rather than simply transferring III-V active
devices on Si (Fig. 5).”” The thin tunneling oxide, usually deposited
by atomic layer deposition (ALD), not only enables BEOL low-
temperature bonding process at <500 °C after layer transfer but also
well passivates the surfaces of both III-V and group IV semicon-
ductors.”>” The heterojunction diode performance is notably
improved from direct heteroepitaxy or more conventional bonding
methods for lattice mismatched systems. For example, p-Si/Al,O5/
n-GaAs heterojunction diodes achieved an ideality factor of 1.07, a
low dark current density of 10 nA/cm?, and an on-off current ratio
(+1V vs —1V) as high as 7.9 x 10°, representing orders of magni-
tude improvements from previous surface-activated bonding®’ or
direct heteroepitaxy of III-V on Si.°" This approach potentially
enables integrating the best of III-V and Si, e.g., high-performance
avalanche photodiodes (APDs) based on III-V near infrared
absorbers and Si multiplication layer with high-quality interfaces,
compared to highly dislocated interfaces in the current Ge/Si
APDs.

For wafer-scale HI approaches, we will discuss recent progress
in wafer-scale HI of InAs QD lasers in Sec. I1I, which involves QD
growth on 300 mm Si wafers. Another emerging wafer-scale pho-
tonic HI approach is the Substrate-inverted Multi-Material
Integration Technology (SuMMIT),”” which can integrate a large
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FIG. 5. (a) Cross-sectional high-resolution transmission electron microscopy (HRTEM) image and selected area diffraction patterns; (b) |-V characteristics at room temper-
ature for a grafted p-Si/Al,03/n-GaAs abrupt heterojunction diode. Reproduced with permission from Dong Liu, Sang June Cho, Jung-Hun Seo, Kwangeun Kim, Munho
Kim, Jian Shi, Xin Yin, Wonsik Choi, Chen Zhang, Jisoo Kim, Mohadeseh A. Baboli, Jeongpil Park, Jihye Bong, In-Kyu Lee, Jiarui Gong, Solomon Mikael, Jae Ha Ryu,
Parsian K. Mohseni, Xiuling Li, Shaogin Gong, Xudong Wang, and Zhengiang Ma, arXiv:1812.10225 (2018). Copyright 2018 Zhengiang Ma.

variety of photonic materials on the Si platform. Similar to the
concept of back-side illuminated (BSI) CMOS image sensors, the
SuMMIT approach inverts a standard Si PIC wafer and bond its
front side to the CMOS wafer using a direct-bond interconnect
(DBI) wafer embedded with through-silicon/glass vias (TSVs/TGVs),
as schematically shown in Fig. 6. The substrate of the Si PIC is then
removed. This way, the photonic devices are exposed to the backside
surface, similar to the manner Si pixels are exposed in BSI CMOS
image sensors. Therefore, one could further process these photonic
devices from the backside for BEOL HI of a variety of novel photonic
materials such magneto-optical garnets for photonic isolators,
electro-optical BTO and other oxides for modulators, GeSn for IR
spectral extension, as well as phase change materials (PCMs) for
photonic neuromorphic computing, etc. Local heating with resistive
micro-heaters, which is already widely used in Si PICs for microring
resonator and phase shifter tuning, can be conveniently adapted for
thermal tuning of PCM, or further extended to crystallize magneto-
optical/electro-optical materials without affecting devices nearby,”
therefore compatible with BEOL processing. The concept of post-
deposition thermal processing via on-chip micro-heaters to lower the
global thermal budget of HI has recently been validated using garnet
magneto-optical crystals as an example.”’ In addition, SUMMIT
architecture can also leverage standard BEOL metal layers as back-
reflectors to enhance optical coupling efficiency for grating couplers.
Furthermore, infrared semiconductors such as (Si)GeSn can
be “retrofit” into Si modulators or Ge photodetector regions in the
SuMMIT architecture. An example is shown in Figs. 6(b)-6(d).
Here, the starting structure is a lateral Si p-n modulator with a Ge
block grown on top. After PIC substrate removal, a trench is etched
in the Si p-n junction and further into the Ge block. The etch
depth is chosen to completely remove the initial Ge seed layer at
the Ge-Si interface (~50 nm thick), which tends to contain more
defects, leaving high-quality Ge as the virtual substrate. GeSn is
then embedded into the trench either through MBE or CVD selec-
tive growth or Ge-templated crystallization via rapid thermal
annealing (RTA), which will be further discussed in Sec. II B 2.

Now the device can be turned into a SWIR photodetector or an
EAM depending on the reverse bias. Figure 6(c) plots the modeled
I-V curve of the device, with a dark current density of several mA/
cm® at —1 V reverse bias. This is on the same order as epitaxial Ge/
Si photodetectors and consistent with our previous work on crystal-
ized p-GeSn/n-Si photodiodes.”” Figure 6(d) further shows the
band diagram at a small reverse bias of —1 V. Here, we assume a
residual hole density of 10" cm™ in GeSn due to point defects, a
realistic condition based on existing studies. Despite not having a
truly intrinsic GeSn region, we can see that the GeSn region gets
depleted from the p-GeSn/n-Si interface. There is a narrow barrier
at the p*-Si/p-GeSn interface, which can be tunneled through
under reverse bias. Therefore, the device structure is suitable for
waveguide-coupled photodetector or Franz-Keldysh modulator in
SWIR regime for integrated photonic sensing applications.

2. Monolithic BEOL integration through low-
temperature epitaxy or crystallization

In terms of BEOL monolithic integration, current work mostly
focuses on Ge/Si photodetectors, especially low-temperature
(<450°C), high-quality Ge/Si epitaxy to accommodate BEOL
thermal budget. Using a gradient p-doped epitaxial Ge layer on
p-Si/n*-Si grown by CVD at 400 °C, Marzen et al.* have achieved
a very low dark current density of 0.27 mA/cm® and ~40% internal
quantum efficiency at 1310 nm for surface-normal incidence Ge/Si
photodetectors. It is expected that waveguide integration can signif-
icantly enhance the responsivity by increasing the optical absorp-
tion path length.”> To minimize the real estate of the single-crystal
Si CMOS layer needed for Ge epitaxy, we envision that this low-
temperature growth approach can also potentially be combined
with aspect ratio trapping (ART)“™*" to further improve the mate-
rial quality simultaneously, where treading dislocations are termi-
nated within the ART channels.

Considering that the CVD growth temperature range of
(Si)GeSn alloys is typically 250-350 °C, similar approaches can be

Z1:20:50 G202 1Snbny zz

J. Appl. Phys. 138, 060901 (2025); doi: 10.1063/5.0263644
© Author(s) 2025

138, 060901-7


https://arxiv.org/abs/1812.10225
https://pubs.aip.org/aip/jap

Journal of
Applied Physics

(a)

MULTI-MATERIAL
INTEGRATION LAYER

PIC
WAFER

(=]
@
€ IPCE— PP P>

Substrate

PERSPECTIVE pubs.aip.org/aip/jap

(b)

ALD oxide passivation
—> BACKSIDE

Original Modulator Region

PHOTONIC
DEVICE
LAYER

(c

PIC

BEOL 10m

—> FRONTSIDE

3

RDL 100y

Current Density (Alem?)

10p

(C) Y
1.0]
051
0.0
0.5
-1.04
-1 '5.
-2.04

10 -08 -06 -04 -02 00 02

Voltage (V)

Energy (eV)

-1V reverse bias
—— Conduction band
—— Valence band

100 0 4100 -200

Lateral Dimension (nm)

200

FIG. 6. (a) Schematics of SUMMIT architecture. Reproduced and slightly adapted with permission from Luigi Ranno, Jia Xu Brian Sia, Khoi Phuong Dao, and Juejun Hu,
Opt. Mater. Express 13, 2711-2725 (2023). Copyright 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement. (b) Cross section
of a GeSn integration architecture leveraging a Si modulator region as the template. (c) Modeled |-V curve of a lateral p+ Si/Geg¢Shg 4/t Si photodiode with a 200 nm

wide GeSn region. (d) The corresponding energy diagram at —1V reverse bias.

readily transferred to BEOL integration of (Si)GeSn SWIR/MWIR
active photonic device integration on Si. Conventionally, GeSn has
been grown on a high temperature annealed Ge buffer layer
(>780 °C) to achieve good quality. With the most recent progress in
Ref. 64, it is expected that both the Ge buffer and (Si)GeSn could
be implemented at <450 °C compatible with the BEOL process.
We also note that GeSn can be directly crystallized on Si using
rapid thermal annealing at <450°C,” or directly grown on Si
using remote-plasma-enhanced CVD.’” Further engineering
atomic ordering in SiGeSn alloys and Ge,,Sn; 8-DAs, as discussed
in Sec. IT A, will potentially allow us to implement full-spectral
SWIR/MWIR/LWIR monolithic active photonic devices on Si
using BEOL processing.

A limitation of epitaxial growth for scalable 3D photonic inte-
gration, though, is that it will be expensive and low throughput to
repeat it multiple times to achieve multilayers of active photonic
devices. It would be much more efficient if high crystallinity semi-
conductor photonic devices could be fabricated directly on interlayer
dielectrics (ILDs) without epitaxy, just like passive photonic devices.

McComber et al. first investigated BEOL growth of single-crystalline
Ge on ILD using geometrically confined selective growth in a lateral
channel etched into SiO, dielectrics, with a lithographically defined
a-Si at one end of the channel as the seed for nucleation.”’
While multiple Ge nuclei may start to form on the a-Si seed ini-
tially, the one having the fastest growth (110) direction aligned
with the channel will eventually prevail and leads to single-
crystal Ge growth outside the channel. Metal-semiconductor-
metal (MSM) Ge photodetectors have been fabricated based on
this method for facile BEOL integration without the need for ion
implantation and high-temperature activation annealing. A rela-
tively low dark current density of 21 mA/cm® was demonstrated
with >300% internal quantum efficiency under 980 nm illumina-
tion.”' The exact gain mechanism is unclear in this case, but
photoconductive gain and trapped carrier induced gain have
been observed in other MSM systems.””

Interestingly, growing GeSn on ILD is actually more facile than
Ge, thanks to the low eutectic temperature of the Ge-Sn binary
system. We have demonstrated that co-evaporated amorphous
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GeSn (a-GeSn) can be directly crystallized on SiO,,”*”” glass or
even polyimide via RTA at <450°C,” based on eutectically
enhanced crystallization with large grain sizes on the order of
tens to hundreds of um.”” Seeded by a nanotip in a tapered
micropattern, which also facilitates optical coupling with wave-
guides, pseudo-single-crystalline GeSn can also be achieved on
dielectrics. Furthermore, high Sn composition GeSn has been
implemented on SiO, by dissolving Sn nanodots below the critical
size of nucleation into the Ge matrix using a “nucleation reversal
process.” This method is called Sn nanodot induced composition
enhancement (NICE).”” As shown in the cross-sectional TEM
image in Fig. 7, high crystallinity GeSn with clear lattice images is
grown on a thin SiO, on Si. The GeSn thin film is clearly different
in crystallographic orientation from Si, indicating that the GeSn
crystal did not rely on epitaxy but occurred via nucleation and
lateral growth. These GeSn thin films on ILDs can be readily fab-
ricated into MSM photodetectors. To achieve PN junction struc-
tures for p-i-n photodiodes or electro-absorption modulators, we
envision two possible approaches: (1) Use TCOs as n-type
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FIG. 7. Cross-sectional TEM images of Geg74Sng .26
directly crystallized on a thin SiO, layer using the NICE
method.

electrodes. Since defects in GeSn tend to make it p-type with a
residual carrier density of the order of 10'” cm™, n-type TCO
such as sputtered indium tin oxide (ITO) can be used to form an
n-ITO/p-GeSn heterojunction structure, which is fully compatible
with BEOL processing. (2) Our very recent studies found that As
implantation into GeSn can be activated through rapid thermal
annealing at ~400°C with a peak dopant concentration up to
5x10'® cm™,”* thereby forming a p-n junction using BEOL pro-
cessing. Overall, we envision that it is promising to achieve GeSn
photodetectors and modulators on ILDs toward facile monolithic
photonic integration.

Figure 8 compares device performance of surface-normal
incidence free-space BEOL Ge and GeSn photodetectors vs their
counterparts fabricated using the conventional approach, i.e., incor-
porating high-temperature Ge (buffer) layer growth and/or anneal-
ing to remove threading dislocations, with data from Refs. 3 and 15
(Chap. 4) and Refs. 75 and 76. Part of the reason for the lower
external quantum efficiency (EQE) of BEOL Ge photodetectors is
due to the limited absorber layer thickness. For example, in Ref. 64,
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FIG. 8. Comparison of BEOL processed vs conventional | Ge and GeSn photodetectors: (a) external quantum efficiency; and (b) dark current density at full responsivity.
The data points are Ge/Si photodiodes by default unless otherwise labeled on the figures.
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the Ge absorber was only 0.6 um thick, while their high responsiv-
ity counterparts in Refs. 3 and 74 exceeded 2 um in thickness. We
expect that this difference can be eliminated using waveguide cou-
pling to effectively enhance the absorption in BEOL Ge. By com-
parison, the difference in EQE between BEOL and conventional
GeSn photodetectors is smaller, possibly due to the unique nucle-
ation and lateral growth process of GeSn. In terms of dark current
density, both BEOL Ge and GeSn photodetectors compare favor-
ably to their conventional counterparts [Fig. 4(b)]. A possible
reason is that both Ge and GeSn are p-type instead of being intrin-
sic as in conventional Ge/Si p-i-n photodiodes. In the latter case,
the depletion region is completely in Ge, so all defects in Ge con-
tribute to the dark current. This promising progress suggests that
future development of BEOL integration of Ge and GeSn photonic
devices may open the path to 3D monolithic photonic integration
for silicon photonics. For photonic interconnects, the next step will
be demonstrating high-speed BEOL Ge and GeSn photodetectors.
For other applications such as IR imaging or photonic sensing,
10-100 GHz bandwidth is not necessary, while the lower dark current
as well as facile large-scale integration of BEOL p-Ge/p-Si/n-Si or
p-GeSn/Si device structures may offer advantages over conventional
epitaxial devices.

1ll. EMERGING TRENDS OF ACTIVE Si PHOTONIC
DEVICES

This section will discuss recent progress and emerging tech-
nologies in lasers, modulators, and photodetectors for Si PICs, as
well as spectrally extended and 3D image sensors on Si platform.
We will also provide insights into further improvement of device
performance from a materials and device physics point of view.

A. Lasers for Si PICs

In this section, we will first start with a brief discussion on
off-chip vs on-chip laser sources, including wall-plug efficiency
(WPE) considerations. We will then discuss monolithic ITI-V/Si QD
lasers in O-band for photonic datalinks, as well as GaSb-based and
SiGeSn/Si SWIR laser sources for infrared imaging and sensing.

1. Off-chip vs on-chip lasers

The first question under debate over the past two decades is
whether to utilize external off-chip lasers or integrated on-chip
lasers for Si PICs. It has often been suggested that a laser is the
optical equivalence of an electrical power source. Since we put the
electrical power supply off-chip, why not an off-chip laser, too? An
external laser also saves the trouble of elaborate on-chip thermal
management considering that the WPE of O-band and C-band
lasers are usually below 50%, i.e., they generate more heat than
light. Pluggable remote laser modules (RLMs) for 51.2 Tbps
co-packaged optics (CPO) ethernet switching have been demon-
strated by Broadcom recently using 8 x 100 mW uncooled lasers
operating at case temperatures up to 50 °C, with a total power dissi-
pation of ~8 W.””’® On the other hand, further scaling the number
of external lasers for DWDM may be limited by the laser coupling
loss typically at ~2-3 dB per interface (laser-to-fiber, fiber splitters/
combiners, fiber-to-chip, etc.), which could drastically increase the
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power budget. Therefore, WDM by coupling multiple external
lasers on-chip would not be an efficient solution for scaling.

Instead, we envision that a high-efficiency, high-power
off-chip laser coupled with on-chip resonators for frequency combing
would be a better choice in future development.””™"" While currently
such demonstration often requires further optical amplification,””*”
recent progress in high-power single-mode photonic crystal surface
emitting lasers (PCSELs)** and broad-band, low-loss free-form cou-
plers® may offer low-loss coupling to further improve WDM Si
PICs based on frequency comb generation. We also note that the
pump-to-frequency comb conversion efficiency has been greatly
improved and exceeded 50% in recent years by introducing intefero-
metric feedback to a microring”” or a controlled frequency shift
using two coupled microring resonators.”

By comparison, on-chip laser diodes benefit from low cou-
pling loss due to more precise alignments offered by lithography.
They are also ideal solutions for wearable lab-on-chip integrated pho-
tonic sensors, which is now limited to benchtop systems with fiber
coupling to external lasers. FMCW LiDAR systems could also greatly
benefit from on-chip lasers and amplifiers due to more sophisticated
device integration and functionalities on Si PICs. Considering the
challenges of heat dissipation on-chip, it is interesting to first consider
the optimal wavelength for short-distance optical interconnects for
on-board optics (OBOs) or chip-to-chip/chip-to-memory communi-
cations. Figure 9 plots the WPE of currently available laser diodes
from the visible spectrum® to 1550 nm. The maximal WPE of
~75% at room temperature has been achieved at A ~ 980 nm using
InGaAs QW lasers,” which exceeds 80% when cooled to 0°C.*’ The
corresponding distributed feedback (DFB) laser also shows a high
efficiency close to 60%.”" Similar to the wavelength-dependent effi-
ciencies of LEDs,”" the laser diode efficiency generally decreases at
shorter wavelength A <980 nm due to materials constraints and at

longer wavelength A>980nm due to Auger recombination
80+ . - .
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FIG. 9. Laser diode WPE vs wavelength at 300 K. All devices are QW lasers
with Fabry—Pérot cavity unless otherwise indicated. Quantum dot lasers are
labeled as “QD.” Open symbols are DFB lasers.
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constraints as the bandgap decreases.”” For example, for wavelengths
between 780 and 850 nm, the laser performance is usually limited by
the stability of the AlGaAs barrier. A recent work demonstrated that
changing the barrier from AlGaAs to GaAsP can drastically improve
the WPE of 780 nm lasers to 71%.”” On the other hand, as the wave-
length increases to O-band and C-band, these efficiencies drop to
maximal 56% around 1300nm’" and 50% at 1530nm’ for
Fabry-Pérot cavity lasers, compared to maximal 30% at 1310 nm”*"
and ~20% at 1550 nm for DFB lasers.' "’

Based on Fig. 9, in principle, one would select the most effi-
cient laser sources emitting at 780-980 nm with WPE >70% for
on-chip applications in order to minimize the extra heat dissipa-
tion. However, for photonic interconnect applications, this is not
compatible with the most commonly used Si modulators due to
the optical absorption of Si. To overcome this issue, one could
consider heterogeneous integration of III-V modulators and
lasers together'*">'’* or incorporate BTO/TFLN modulators in
microwave photonic applications. Both could achieve better per-
formance than existing III-V laser + Si modulator system, but
they also trade-off scalability to some extent. Therefore, to best
utilize the existing PIC platform, O-band (1260-1310 nm) is an
ideal choice for data communication applications. We note that
currently the highest WPE achieved for InAs QD on Si is ~38.4%
(double-side; single-side WPE ~24%)”® while those on native
GaAs substrates had achieved close to 60% WPE’* at a slightly
shorter wavelength of 1270 nm (Fig. 9). This comparison indi-
cates that there is still plenty of margin to improve the WPE of
for QD/Si on-chip lasers for optical interconnects.

For on-chip photonic sensing applications, one could well
consider using more efficient and less expensive 780-980 nm laser
sources. On one hand, the wavelength of 780 nm is one of the stan-
dard wavelengths for benchtop Raman systems, which is well appli-
cable for waveguide-enhanced Raman spectroscopy (WERS).'”” On
the other hand, another great advantage is that high-sensitivity Si
photodetectors can now be applied to integrated photonic sensing,
with noise level down to sub-electron regime at room temperature
for single-photon detection'”* in WERS and fluorescence spectro-
scopy.'”” Currently, benchtop tunable lasers in C-band dominate
mainstream refractive biosensing, i.e., measuring refractive index
change using microring resonators on Si PICs. This is mainly due
to the wide availability of tunable laser sources around 1550 nm for
telecommunication. In contrast, for on-chip refractometry, we envi-
sion that low-noise, tunable-integrated III-V QD lasers in
0O-band'” are more preferred due to notably higher WPE and tem-
perature/reflection insensitivity.

For LiDAR applications, eye-safe 1550 nm laser is desirable,
and flip-chip attached hybrid lasers have already been utilized in
some products.'’” They are especially relevant for coherent LIDAR
systems utilizing local oscillators to measure the phase shift of
reflected signals, e.g., in FMCW systems. Moving to longer wave-
length could further extend the functionality of LiDAR systems,
e.g., the SWIR regime for better penetration through haze/fog or
further into MWIR to reach the atmospheric window.'®'%
However, they would suffer from trade-offs in both lower laser effi-
ciency and lower detectivity for photodetectors at longer wave-
lengths. Therefore, 1550 nm wavelength will still be optimal for
LiDAR systems in the near future.

PERSPECTIVE pubs.aip.org/aip/jap

In terms of practical implementation of laser sources for Si
PICs, the research has been evolving from hybrid integration to
heterogeneous integration (including intermediate approaches such
as transfer printing), then to monolithic integration. Monolithic
III-V QD/Si lasers in O-band for photonic datalinks,'" together
with monolithic GaSb-based''' and SiGeSn SWIR laser sources on
Si for infrared imaging and sensing,”>''” represent a major techni-
cal advance in this aspect in the past decade. We will discuss these
monolithic on-chip laser technologies in Secs. IIT A 2 and IIT A 3.

2. llI-V lasers on Si

a. InAs QD lasers on Si for data communications. III-V QD
lasers epitaxially grown on Si through various buffer layers have
been demonstrated as efficient on-chip light sources, with the
advantages of more discrete quantum states, better carrier confine-
ment, and less defects in the active QD region compared to QW
lasers. These features also notably achieved temperature and reflec-
tance insensitive performance.''” They represent the best-
performance semiconductor lasers integrated on Si to date. This
monolithic integration strategy is challenged by a combination of
large lattice mismatch, dissimilar polarity (polar III-V grown on
nonpolar group IV), and thermal mismatch between III-V materi-
als and Si substrates. These hurdles have been circumvented by a
two-step epitaxial growth strategy, where high-quality III-V seed
layers free of antiphase domains, e.g., GaAs/GaP, are first prepared
by metal-organic chemical vapor deposition (MOCVD) on planar
or patterned Si wafers. This is followed by the GaAs buffer layer,
InGaAs dislocation filters, and QD stack growth using MBE. An
example is shown in Fig. 10 for integrating InAs/GaAs QD lasers
on 300 mm diameter Si wafers.''” In this case, micro-patterned
pockets are defined on Si wafers to facilitate butt coupling with
dielectric waveguides, as well as preventing crack formation due to
the thermal mismatch between III-V layers and Si, which occurs in
wafer-scale blanket film deposition.

The threading dislocation (TD) density of III-V on Si can be
reduced to the order of low 10%cm?'" eg., by using InGaAs
asymmetric graded filters''” [see Figs. 10 and 11(a)], comparable to
that of Ge on Si.''® The impact of defects is further reduced by
using QDs instead of QWs as the gain media, where the probability
for TDs to penetrate into the active gain regions is much reduced
due to the discreteness of the QDs. More discrete energy states in
strongly confined QDs also enhance the temperature-insensitivity
of threshold and efficiency. In recent years, it was further discov-
ered that post-growth misfit dislocation (MD) formation in the
active QD layers acted as another important source of device degra-
dation upon aging. These MDs are largely induced by the thermal
mismatch between III-V and Si as the stress state changes from
compressive to tensile upon cooling.'>""”

To displace the MDs away from the QDs and mitigate their
detrimental impact, solid solution hardening has been imple-
mented by incorporating fully strained thin InGaAs/InAlAs layers
[<10 nm QWs as trapping layers (TLs)] above and below the active
region'' ' blocking 95% of the MDs away from the QD layers.
As shown in Figs. 11(c) and 11(d), laser diodes incorporating these
solution-hardened TL layers successfully achieved 1200 h operation
at 80°C without degradation in the L-I curves at a constant
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injection current 2x that of the threshold. The progressive improve-
ment in managing TD and MDs in InAs QD/Si lasers enables low-
threshold current density (~100 A/cm® at room temperature), high
output powers (>50 mW), high direct modulation rate (12.5 Gb/s),

high reliability (10 x 10° h extrapolated to room temperature), and
high CW working temperature (up to 100 °C)."'*''? As shown pre-
viously in Fig. 9, the WPE reaches as high as 38% for InAs QD/Si

p-GaAs
1

Ry
A S &

-Al, .Ga, sAs cladding

B =
e

< p-InGaAs TL

* n-InAlAs TL

n-Al, ,Ga, ¢As cladding

300 nm Ing o Gag ocAS

ASG o iz LY
150 nm Ing , Gag ocAS

InGaAs

500 nm

Fabry-Pérot cavity lasers (counting emission from both facets),”
U . oo U -
80°C CW 80°C CW
- Sample B 4 15} sampleC o
’ g
|
L o 210 L o
o
Aging time Aging time
0-1200 hr 5 0-1200 hr
. | Zmoging]| . 2xl,aging
0 100 200 0 100 200
Injection current (mA) Injection current (mA) Injection current (mA)

FIG. 11. (a) Cross-sectional TEM image of an optimized InAs QD/Si laser structure. TL = Dislocation trapping layers; ASG = asymmetric graded filter, as shown in the
schematic inset. (b)—(d) compared the LI curves of samples with and without TL at different dislocation densities, where (d) corresponds to the structure in (a). Reused
and adapted with permission from C. Shang, E. Hughes, Y. Wan, M. Dumont, R. Koscica, J. Selvidge, R. Herrick, A. C. Gossard, K. Mukherjee, and J. E. Bowers, Optica
8, 749-754 (2021). Copyright 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement.
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compared to 9.4% for their DFB counterparts.''” In addition to the

Si substrate, III-V QD lasers on SOI substrate have also demon-
strated.'”” The thermal dissipation issue of SOI-based lasers was
addressed using p-type active layer and double-side heat dissipation
design.'*"'** Furthermore, optically pumped InAs quantum dash
(QDash) CW lasers on Si emitting in C- and L-band have also
been demonstrated in recent years, with the highest operation tem-
perature reaching 50 °C.'*

In addition to QD lasers, recently, IMEC has demonstrated
nano-ridge InGaAs/GaAs multiple QW (MQW) laser diodes based
on an adapted ART approach on a 300 mm CMOS pilot line.'”
An advantage of the ART growth is that thick buffer layers are no
longer needed, and a low TD density of 10° cm™> was achieved. A
disadvantage, though, is less effective heat dissipation since the
active region is essentially wrapped around by oxides, only with a
line contact to the substrate along the bottom of the “V” groves.
CW lasing at A=1020nm was demonstrated up to 55°C. The
device can operate at room temperature for 500h, with ~20%
increase in threshold current. The high current density in the
sparse metal contacts seems to be the limiting factor for the life-
time. While similar growth techniques could be transferred to
MOCVD QDash lasers, the key for further improvement will be
thermal management.

b. GaSb-based SWIR and MWIR lasers on Si for photonic
sensing. In terms of further spectral extension into SWIR and
MWIR for sensing applications, the first report of efficient
GaSb-based QW laser diodes on Si achieved lasing at A ~ 2300 nm
at a threshold current density of 400-500 A/cm” and a maximal
output power ~10 mW, and the characteristic temperatures are
comparable to those grown on GaSb substrates.'"' Furthermore,
GalnSb/InAs interband cascade lasers (ICLs) grown on Si based on
Type-1I band alignment have also demonstrated remarkable tolerance
to dislocations and achieved CW MWIR lasing at A ~ 3500 nm for
3800 h at 40 °C, with an extrapolated lifetime >300 000 h.'* The key
idea is that electrons and holes are separately confined in the
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conduction and valence bands on either side of a Type-II interface
(see Fig. 12), such that the mid-gap defect state in the hole-
confinement layer now approaches or even reaches above the conduc-
tion band edge of the electron-confinement layer. Correspondingly,
the mid-gap state in the electron-confinement layer approaches or
even resides below the valence band edge of the hole-confinement
layer. Since the light emission is due to interband transition across
the Type-II interface, this configuration effectively transforms the
deep-level states in the electron and hole-confinement layers into
shallow defect states or totally renders them irrelevant for the Type-II
light emission, thereby effectively mitigating their adverse impacts.
The Type-II transition also leads to lasing at photon energy much
lower than the bandgaps of the constituent materials. Therefore, the
ICL device structure provides another approach besides QD lasers to
address the lattice mismatch between III-V and Si, especially for
MWIR laser sources. In fact, similar ICL structures could potentially
be extended to SiGeSn based on the different band alignments
between SRO heterostructures shown in Fig. 2 and Ref. 41.

c. Challenges and perspectives for future development. With all
the exciting progress discussed above, challenges still remain for
wafer-scale integration of high-efficiency, III-V QD lasers on Si. In
terms of device performance, the first 300 mm wafer-scale demon-
stration using a combination of MOCVD and MBE growth (see
Fig. 10) achieved a WPE of ~9% at room temperature,''’ compared
to 38% for those grown on smaller substrates completely by MBE.”
Obviously, surface treatment upon transfer as well as the process
integration still has plenty of margin to improve. An important
reason to switch growth methods is that, despite of being the main-
stream industrial growth technique offering high throughput and
growth uniformity, MOCVD is not yet able to produce high-quality
QDs compared to MBE."” That said, very recently, InAs QD CW
lasers on GaAs substrates operating up to 75 °C have been demon-
strated by MOCVD growth.'”” Recent progress in MOCVD QDash
lasers on Si may also further extend the emission wavelength to C
and L bands.'”” These advances in MOCVD QD/QDash lasers could

(b)
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FIG. 12. Schematics showing the radiative vs non-radiative recombination in (a) regular Type-l QWSs; (b) Interband transition in Type-Il quantum wells. Reused and with
permission from Laurent Cerutti, Daniel A. Diaz Thomas, Jean-Baptiste Rodriguez, Marta Rio Calvo, Gilles Patriarche, Alexei N. Baranov, and Eric Tournié, Optica 8,
1397-1402 (2021). Copyright 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement.
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potentially avoid switching growth tools and maximize the through-
put for large-scale Si photonic integration.

Another opportunity and challenge is TD control in pocket
growth. While the initial demo in Ref. 110 showed a TD density
~10x greater than the optimized conditions shown in Fig. 11(d),
thereby limiting the WPE, in principle growths in pocket windows
of the order of 10 um in lateral dimensions should facilitate TD
mitigation upon annealing compared to blanket films. This is
because most of the TDs can be eliminated by gliding to the edge
of the mesas, as has been demonstrated in selective area growths
for both GaAs and Ge on Si.'”*'*’ The fact that the pockets
reached a higher temperature than the surroundings''’ actually
facilitates such TD annealing in photonic integration as the devices
nearby are less affected. The challenge, though, is that the sidewalls
will require effective passivation in order to benefit from the TD
reduction in small mesas, which requires further optimization. For
dielectric passivation layers deposited by plasma-enhanced chemi-
cal vapor deposition (PECVD) or atomic layer deposition (ALD), a
major mechanism is dangling bond termination by atomic hydro-
gen.'”” Moderate annealing temperatures around 400 °C could help
passivate semiconductor surfaces, which has been utilized to drasti-
cally reduce the dark current in Ge/Si photodiodes.””' In situ
atomic hydrogen radiation has also been reported to greatly
enhance dislocation annihilation in epitaxial GaAs/Si upon low-
temperature growth at <400 °C,'*” since it generally enhances dislo-
cation velocity. Furthermore, ALD as well as MOCVD AlL,O; has
been investigated for GaAs metal-oxide-semiconductor field-effect
transistors (MOSFETs), where an interfacial Ga,O; layer was found
to reduce midgap states induced by Ga vacancies.'”” These passiv-
ation techniques can be transferred and further optimized for III-V
QD/S:i laser integration.

ART and related adaptations, such as nano-ridge engineering
(NRE) demonstrated in Ref. 124, can also be transferred to QDash
laser growths by MOCVD. In these structures, though, thermal
management will be another key factor to address on top of the
surface and sidewall passivation, since the active region is sur-
rounded by oxides and hardly has any thermal conduction path to
the Si substrate.

In summary, with consistent improvement of material quality,
device performance, and wafer-scale integration, we expect that
monolithic III-V QD/QDash lasers will be widely applied to Si
PICs in the near future for photonic data communications. The
applications will start with O-band optical I/O for data centers and
photonic chiplets and will potentially extend to C- and L-band
with further technology development. Integration of GaSb-based
SWIR and MWIR lasers has also achieved notable progress in
recent years, potentially offering light sources for on-chip photonic
sensing applications.

3. Group IV lasers on Si

Compared to monolithic III-V QD lasers on Si, monolithic
Group IV lasers potentially offers better materials compatibility for
wafer-scale electronic—photonic integration, especially considering
that Ge/Si waveguide-coupled photodetectors have already become
standard components in Si PICs. However, they also face two fun-
damental challenges: (1) conversion from indirect gap to direct gap
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semiconductors, which requires tensile strain and/or Sn alloying;
and (2) development of new approaches to achieve lattice-matched
heterostructures and QWs with sufficient band offset, as has been
discussed extensively in Sec. IT A. In this section, we will briefly
overview existing methods to address these challenges and then
evaluate the current status in reference to the early studies of GaAs
lasers to find future directions of improvement. We will also sum-
marize possible solutions based on the knowledge learnt so far,
including atomic ordering of SiGeSn systems discussed in Sec. 1T A.

a. Current status and challenges of band-engineered Ge lasers.
Since the demonstration of electrically pumped Ge lasers'*'* using
a moderate tensile strain and heavy n-type doping to bridge the
gap between indirect L valleys and direct I' valley, the research
focus has evolved to further increasing the tensile strain and reduc-
ing doping level in order to minimize free-carrier absorption and
inter-valence band absorption (IVBA)'"** losses. Diverse routes
have been developed to enhance tensile strain on Ge membranes,
micro-bridges or micro-disks. Uniaxial tensile strain as high as 6%
has been achieved using Ge microbridges, enabling a direct
bandgap of ~0.33 eV (L =3.7um). A Ge micro-bridge laser operat-
ing up to 100 K has been demonstrated under optical pumping.'*
However, implementing electrical pumping into these suspended
Ge microbridges is challenging, and the heat dissipation is poor
compared to structures grown on Si substrate (which offers high
thermal conductivity). The mechanical stability of these highly
strained Ge microbridges also poses a significant issue in fabrica-
tion and long-term laser operation.

A second method to achieve truly direct gap Ge is based on
separate electron barriers in Ge/AlGaAs multiple QWs (MQWs),
in which the AlGaAs barriers provide strong quantum confinement
in the indirect L valleys, but weak confinement in the direct T’
valley of Ge QWs. Therefore, the energy levels of indirect L valleys
increase much faster than those in I" valley as quantum confinement
effect gets stronger in narrower Ge QWs,' ™ eventually leading to
indirect-to-direct semiconductor transition. An example is shown in
Fig. 13(a), where a 3nm wide Ge QW confined by Aly;3Gagg;As
barriers in (001) direction leads to a direct gap ~0.1 eV lower than
the indirect gap. With discrete density of states and reduced IVBA
between strongly confined subbands of Ge, the carrier density
required for population inversion and net material gain is reduced.
Figure 13(b) shows an example of 2nm Ge/3nm Alj;3Gagg,As
MQWs achieving net material gain in the Ge region in O-band,
based on 8-band k- p simulation. Furthermore, our simulation of
five pairs of 4 nm Ge/6 nm Aly;3Gagg7As MQWs in Fig. 13(c) using
coupled  Schrodinger—Poisson-current (Nextnano++ package'”)
further unveils that a laser threshold <1000 A/cm?* can potentially be
obtained for longer wavelength emission in C-band. However, it is
still challenging to deposit AlGaAs/Ge MQWs with high quality due
to dissimilar interfaces and very thin Ge layers required. Nucleation
of ITI-V on Ge or vice versa is not trivial, and annealing is often
needed to observe photoluminescence (PL) from Ge grown on GaAs
even though the lattice mismatch is <0.1%." "

A third approach to convert Ge into direct gap semiconductor
is to change the cubic phase into hexagonal phase, as first demon-
strated by growing Ge or SiGe shells on hexagonal wurtzite GaAs
nanowires (NWs) cores.””” Very recently, material gain and
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amplified spontaneous emission under optical pumping has been b. Current status and challenges of GeSn lasers. As discussed in
demonstrated from hexagonal Ge,gSip, NWs at 6 K with emitted Sec. II A, alloying Ge with Sn leads to an indirect-to-direct
photon energy around 0.6 eV.'*" Demonstrating optical gain at a bandgap transition. Since the first demonstration of optically and
higher temperatures with low threshold would be the next step. electrically pumped GeSn lasers in 2015 and 2020, respectively,
Another practical challenge is how to transfer hexagonal SiGe the threshold current density of pulsed GeSn laser diodes has been
growth directly onto Si substrates, which is the whole purpose of reduced to 0.76 kA/cm® at 77 K, the maximal operation tempera-
using band-engineered Ge and SiGe as optical gain media. Since it ture improved to 140 K, and the emission wavelength extended to
is hard to make wurtzite Si templates for this purpose, other crea- >2700 nm (at 140 K) by increasing the Sn composition to 13 at. %

N
tive approaches need to be considered. and relaxing the compressive strain (i.e., making GeSn more direct §
In summary, while Ge band engineering is attractive and gap) in a double heterojunction (DH) structure.’’® Very recently, %
intriguing due to its simplicity and compatibility with CMOS elec- CW GeSn MQW microdisk lasers have been demonstrated up to 8
tronics, so far achieving low-threshold, room-temperature lasing 35K at a threshold current density of 9kA/cm®'"" Under pulse &
remains an unresolved issue despite of attempts based on different injection, lasing can be observed up to 70 K. %
approaches. New insights and perspectives toward further improve- Figure 14(a) summarizes the recent progress of GeSn lasers in &
ment will be discussed later in Sec. IIT A 3 c. terms of lasing wavelength and maximum operating temperature,
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FIG. 14. (a) Maximum operating temperatures vs emission wavelengths of GeSn lasers, showing a general trend of higher maximal lasing temperature with longer emis-
sion wavelength due to the more directness of the GeSn bandgap. F-P = Fabry—Pérot cavity. (b) Logarithmic plot of threshold current density vs temperature for GeSn DH
lasers in comparison with GaAs homojunction lasers and band-engineered Ge DH lasers.
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using the data from Refs. 13, 14, 35, 36, and 141-150. It is clear
that, irrespective of optical vs electrical pumping or Fabry-Pérot
(F-P) vs microdisk cavity, GeSn lasers emitting at a longer wave-
length are also capable of operating at a higher temperature. This
trend indicates that a more directness of GeSn bandgap, due to a
larger Sn content and/or more compressive strain relaxation, is bene-
ficial to improve the maximal lasing temperature. However, large Sn
content in GeSn or enhanced compressive strain relaxation inevitably
introduces a higher density of TDs and, thus, deteriorates the epitax-
ial GeSn film quality. For example, with GeSn-on-insulator micro-
disk resonators incorporating 17 at. % Sn, Bjelajac et al'*’ achieved
optically pumped lasing at room-temperature, yet the optically
pumped lasing threshold density was also as high as 240 kW/cm” at
273 K, due to a higher defect density.

Unlike thermodynamically stable Ge or III-V buffer layers on
Si, GeSn cannot be cyclically annealed at high temperatures to
remove TDs and point defects due to Sn segregation. In particular,
TDs serve as shortcuts for Sn outdiffusion and surface segregation.
As TDs glide across the film, Sn also diffuses out through these
channels and dumps on the sample surface along the (110) disloca-
tion gliding directions.”*'”" The highest annealing temperature
without segregation is ~400°C for relaxed GeSn thin films™* and
strained Ge/GeSn QWs152 at ~11 at. % Sn, while a higher Sn compo-
sition has an even lower annealing temperature limit. Therefore, this
issue becomes a dilemma for further improving the material quality
of GeSn with higher Sn composition and more direct bandgaps. We
will further discuss strategies to address this issue in Sec. III A 3.

To evaluate the progress of electrically pumped GeSn lasers so
far, it is also instructive to benchmark their threshold current den-
sities against early homojunction GaAs laser diodes,'” similar to
the way new photovoltaic materials are benchmarked against early
development of Si solar cells. For this purpose, we compare F-P
cavity lasers only, as shown in Fig. 14(b). There are two intriguing
observations:

(1) While the threshold of GeSn DH lasers is much higher than
that of GaAs homojunctions F-P lasers at <50 K, the values are
comparable for 11at.% Sn composition at 50-100 K.'* At 13
at.% Sn composition,’ the threshold current densities at
77-140 K are nearly an order lower than that of GaAs homo-
junction lasers, reflecting the benefits of DH structures in
carrier confinement at <140 K. This comparison suggests that,
despite of all the defects in GeSn, 13at. % Sn composition
already achieves sufficient directness in the bandgap. SiGeSn
and Ge barriers also implement sufficient carrier confinement
at <140 K (i.e., for thermal excitation energy <12 meV), yet not
at >150 K. Therefore, further enhancing carrier confinement in
GeSn will be critical to achieve higher lasing temperature.

(2) The logarithmic plot of threshold current density vs tempera-
ture for 13at.% Sn GeSn lasers’® almost exactly aligns with
that of tensile strained n* Ge DH laser diodes'"'? (with Si bar-
riers). Linear fitting in Fig. 14(b) indicates a common charac-
teristic temperature of Ty =33 K, which is also similar to those
of 11 at. % Sn lasers at >60 K.'* Considering that the character-
istic temperature model is based upon thermal activation of
defect states that creates non-radiative recombination channels,
this analysis indicates that GeSn lasers suffer from similar
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types of defects as band-engineered Ge lasers. In fact, n* Ge
lasers cannot undergo high-temperature annealing for TD and
point defect removal, either, due to out-diffusion of n-type
dopants at high temperatures.'”* This comparison points to
the importance of alternative defect mitigation approaches
beyond high-temperature cyclic annealing.

(3) Furthermore, the band diagram in Ref. 36 suggests that
injected carriers may well be confined in the defective n* GeSn
buffer region initially because of bandgap narrowing induced
by n* doping, which tends to increase the threshold and limit
the operation temperature. It could also explain similar
temperature-dependent threshold behavior compared to n* Ge
lasers as discussed in (2). Further improving the doping profile
of the device may help address this issue.

The analyses above also point to the major challenges in
achieving room-temperature GeSn lasers: i.e., carrier confinement,
material quality improvement (under the constraint of thermal
stability), and doping profile optimization. We will discuss potential
routes for future development in Sec. III A 3 toward room-
temperature Group IV SWIR and MWIR lasers.

c. Perspectives of future development of monolithic Group IV
lasers. Based on the aforementioned discussions in this section, we
can see that the key to the success of Group IV lasers is inducing
indirect-to-direct bandgap transitions with minimal defects and
thermodynamic instability. Therefore, in retrospect, it is instructive
to discuss the mechanism of such transitions by comparing tensile
strained Ge with GeSn. As shown in Table I, it is well acknowl-
edged that that Ge would transform to a direct gap semiconductor
at ~8at.% Sn composition or ~2% dilatational tensile strain.
Strikingly, the corresponding lattice constants at the
indirect-to-direct gap transition are almost identical. This compari-
son clearly indicates that Ge lattice expansion is the key to the
indirect-to-direct gap transition, whether achieved by mechanical
strain or alloying with larger atoms such as Sn.

It comes that globally stretching the Ge lattice either by large
tensile strain or Sn alloying would induce inherent thermodynamic
instability, which is exactly the source of Sn segregation at elevated
temperatures. Therefore, a better approach would be sporadically
introducing strong but localized lattice expansion that are more
effective in inducing direct gap transitions at nanoscale, similar to
the formation of QDs in terms of band structures, except that these
quasi-QDs are defined by local strain. This way, the system is more

TABLE |. Lattice constants at indirect-to-direct gap transition by introducing tensile
strain or Sn alloying to Ge lattice. The lattice constants are displayed in bold letters
for a clear comparison.

Indirect/direct
transition
Sn composition needed ~8at. %
Corresponding GeSn lattice constant a=0.573 nm
Dilatational tensile strain needed ~2%
Corresponding tensile strained Ge lattice constant @ =0.577 nm
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stable globally while the localized strain-induced “QDs” are stabi-
lized by interfacial energy, thereby benefiting from stronger carrier
confinement from the matrix material.

In the light of this insight, we can also consider engineering
atomic ordering of SiGeSn alloys as an even more effective
approach to induce such localized dilatational strain distortion, as
discussed in Sec. II A. In other words, what really matters is not
only the average Sn composition but to a great extent the distribu-
tion of Sn atoms in terms of their atomic neighboring environment.
In particular, concentrating Sn atoms into mono/bilayers in GeSn
(111) 3-DAs, instead of distributing them randomly/evenly, shows
an exemplary case of enhancing local lattice distortion for the most
effective band engineering at the same overall Sn composition. As
discussed in Sec. IT A, Ge;;Sn;(111) 8-DAs leads to ~2 meV direct
bandgap, compared to 0.55eV bandgap for random alloys at the
same average composition of 8.3at.% Sn. Further considering
lattice-matched Type-I alignment enabled by SRO,"' we suggest
that engineering atomic ordering in (Si)GeSn is an effective new
approach to achieve direct bandgap transition with minimal lattice
mismatch and stronger carrier confinement simultaneously, over-
coming the trade-off between Sn composition and lattice mis-
match/material quality discussed in Sec. IIT A 3 b.

In the light of the same insight, we could also consider other
“local stressors” to expand the lattice of Ge lattice besides atomic
ordering in (Si)GeSn alloys. For example, instead of introducing 6%
strain to an entire Ge microstructure, dispersing stressors (e.g., SiNy)
at nanoscale would be more effective to achieve strain-defined
quasi-QDs mentioned earlier. Injected carriers are funneled to these
highly strained regions due to smaller bandgaps. Furthermore, inspired
by Ge volume expansion in lithiation as Li battery anodes, recent first-
principles computational modeling studied “strain-doped” Ge, where
interstitial dopants introduce strong local lattice expansion for
indirect-to-direct gap transition.'”> Using hybrid functional (HSE06)
that is known to produce bandgaps more consistent with experiments,
they found that other than Li, filling tetrahedral interstitial sites of Ge
lattice with inert gas atoms (He, Ne, Ar, etc.) can also achieve a
similar effect. This result also confirmed that the indirect-to-direct gap
transition is mostly due to lattice expansion. Although Li is not com-
patible with CMOS, while inert gas implantation is hard to control for
defect recovery annealing, other interstitial atoms such as C could be
interesting candidates to achieve a similar strain-dopant effect. This
would be a different mechanism from the hypothesized band-crossing
in substitutional GeC alloys investigated recently.'™ In fact, interstitial
C would also be more stable in Ge lattice, considering the large atomic
size difference between C and Ge.

In contrast to indirect-to-direct gap transition induced by
lattice expansion, hexagonal (Si)Ge discussed in Sec. III A 3 a uti-
lizes shear distortion to change the symmetry of the crystal, hence
the band structure. Essentially, shear distortion along {111} planes
changes the ABCABC stacking from regular diamond cubic struc-
ture into ABAB stacking in the hexagonal structure. Therefore, a
potentially promising approach to implement direct gap (Si)Ge
directly on Si substrates would be deliberately introducing stacking
faults. Local ABAB stacking faults are identical to nanoscale hexago-
nal phases, which have a smaller bandgap than the diamond cubic
matrix."”” Therefore, these planar ABAB stacking faults can naturally
be considered as QW regions. Furthermore, unlike dislocations,
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stacking faults are planar defects without any dangling bonds—it
only changes the stacking sequence of (111) planes. This characteris-
tic avoids the formation of trap states. Previous nanoscale selective
area growth studies have shown that stacking faults spontaneously
form when Ge grown from two selective areas impinge on each
other, leading to at a stacking fault density of ~10%/cm* with a low
TD density <10%cm®'”” A similar phenomenon has also been
observed in Ge/Si ART growths.”*” Since hexagonal Ge has a much
smaller bandgap than cubic ones (0.28 eV direct gap vs 0.67 eV indi-
rect gap),"”” it could well be that previous studies had never investi-
gated photoluminescence (PL) at the MWIR regime from these
samples. We thereby suggest to revisit the potential application of Ge
stacking faults in nanoscale selective area growth or ART growths in
order to test if it would be a feasible approach to monolithically inte-
grate hexagonal Ge and SiGe into Si PICs.

Last but not least, we note that in addition to the Type I QW
depths for stronger carrier confinement, having direct gap barriers
is also highly desirable for Group IV QW lasers. Otherwise, a case
opposite to that of Fig. 13(a) could occur, i.e., the indirect bandgap
barrier layers could provide stronger confinement of I" valley elec-
trons in the QWs and raise their energy level relative to the indirect
L valleys, driving the QW material toward the indirect gap again.
This phenomenon has indeed been experimentally demonstrated
when direct gap GaAs or GaSb QWs/QDs below ~2 nm are con-
fined in indirect gap barriers,"”*'®" This issue is also exactly why
the SiGeSn/GeSn MQWs in Ref. 141 adopted thick wells with thin
barriers in order to mitigate the adverse effect of indirect gap
SiGeSn barriers, at the cost of not fully benefiting from lower
density of states in QWs compared to DH structures. Again, engi-
neering atomic ordering in SiGeSn could potentially address this
challenge, as shown in Fig. 2 and Ref. 41.

In conclusion of Sec. III A, Table II summarizes the mono-
lithic laser performance and emerging technologies for Si PICs.
We envision that InAs QD/QDash lasers will dominate optical
I/O and data communication in the near future. Their major
competitor will be high-efficiency external lasers coupled with
on-chip frequency comb generation. GaSb-based lasers on Si will
most likely be applied to the SWIR and MWIR spectral regimes
earlier than (Si)GeSn lasers due to a much higher level of techni-
cal readiness. Currently, the threshold current density of GeSn
DH lasers is already lower than early GaAs homojunction lasers
at low temperatures <140 K [Fig. 14(b)]. Sufficient directness of
the bandgap has been achieved at 13 at. % Sn composition with
almost complete strain relaxation. The major bottleneck is insuffi-
cient carrier confinement in QWs at elevated temperatures.
Further engineering atomic ordering in SiGeSn alloys offers a
promising new path to drastically enhance carrier confinement in
lattice-matched Type I QW' toward on-chip SiGeSn laser sources
for applications such as LiDAR and on-chip biosensing. Other
emerging approaches, such as hexagonal (Si)Ge and strain-doping
of Ge, will need further studies to increase the optical gain and
decrease the threshold current density for practical applications.
Revisiting the optical properties of stacking faults in epitaxial
Ge/Si from nanoscale selected area growth and ART growth may
provide valuable insight into scalable fabrication of hexagonal
(Si)Ge on Si, because local ABAB stacking faults are structurally
identical to nanoscale hexagonal phases.
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TABLE IIl. Summary of monolithic lasers and emerging technologies for Si PICs.
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Monolithic ITII-V on Si

Monolithic Group IV on Si

InAs InAs Nano-ridge ~ Tensile strained Hexagonal Ge
QD& QDash'”  InGaAs MQW'** GaSb-based''"'*  (Si)GeSn®>*° Ge'""” and SiGe'**'*
Spectral range O band C +L bands 1020 2000-3500 2000-2700 C+L bands 1900-2100
(nm)
Threshold ~0.1 @ 300K 4kW/cm? 0.6-0.7 @300 K 0.3-04@ 293K 0.76 @ 77K 280 @ 280 K;
(kA/sz) @300 K, 3.6 @140K 500 @300 K;
optically
pumped
WPE (%) 38 for F-P 1.33% ~6 (both facets) <1% <1%
(both facets)
9.4 for DFB
Max. 373 323 328 353 140 300 K with n* Amplified
temperature (K) doping spontaneous
emission (ASE)
observed at 6 K
Future work Pocket growth Material Thermal Device structure  Engineering  Nanoscale local — Transfer to Si
and wafer-scale quality management; optimization and atomic stressor and/or  substrate (e.g.,
process optimization passivation; metal ~defect mitigation ordering, “strain dopants” by engineering
optimization;  for electrical plug optimization including for stacking faults
MOCVD QD pumping SRO and strain-induced in nanoscale
growth 5-DA QDs selective area

Ge epitaxy)

B. Photonic modulators

While directly modulating vertical cavity surface emitting
lasers (VCSELs) coupled with multimode fibers are widely used in
short-distance photonic datalinks, it requires increasingly higher
injection current at higher data rate in order to decrease the stimu-
lated emission lifetime.'®" Therefore, external modulators are pre-
ferred at >50 Gb/s data rate to reduce the power consumption for
integrated photonic circuits. Another advantage compared to direct
modulation of lasers is that there is no perturbation to the laser
cavity itself, which reduces the noise in modulated optical signals.

Photonic modulators encode electrical signals onto optical
waves, including phase and/or intensity modulation based on
changes in the real (An) and/or imaginary part (Ak) of the refractive
index. Conventionally, photonic modulators primarily based on An
are called electro-optical modulators (EOM:s), while those primarily
utilize Ak are called EAMs considering the absorption coefficient
change Ao =4nAk/Ay, where A, is the wavelength in vacuum.
Modulators are the key components in the transmitter subassembly
of transceiver products, and they are indispensable elements to

realize reconfigurable unitary matrices in quantum computing.

162

Phase modulation by utilizing free-carrier plasma dispersion (FCPD)
effect and LEO (Pockels) effect,' or amplitude modulation by

employing Franz-Keldysh (FK) effect

7,164
° and quantum-confined

Stark effect (QCSE),'®>'® have been implemented on Si PICs
through monolithic heterogeneous and hybrid integration.

The optimal solution for high-speed modulators is dependent on
the applications of Si photonics. This section will briefly discuss the

recent progress of FCPD Si modulators and potential improvements
utilizing existing strained Si technology in CMOS electronics, then
overview the rapid development of LEO modulators based on TFLN
and ferroelectric oxides for microwave photonics, and GeSi FK/QCSE
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EAMs for ultralow energy photonic datalinks on Si PICs. We also
envision that synergistically utilizing both An and Ak may lead to
new mechanisms for highly efficient modulation, with an example
of hybrid plasmonic QCSE EAM'®” toward fJ/bit ultralow power

modulation.

1. FCPD modulators

a. Current status and challenges of Si FCPD modulators.
The lack of LEO effect in bulk Si, due to its centrosymmetric crystal
lattice, directs Si modulators into the FCPD effect'” by carrier injec-
or accumulation” implemented in device configura-
tions of p-i-n/p-n junctions or metal-oxide-semiconductor (MOS)
structures. The biggest advantage of Si modulators is facile and large-
scale integration, which helps them dominate optical modulation in
Si PICs. A complete review of Si FCPD modulators can be found in
Ref. 170. With tremendous efforts of research and development,
Si FCPD modulators are now commercially available as standard
components in Si PICs and included in PDK libraries of Si photonics
foundries. The best performance of Si FCPD modulators offers data
rates exceeding 100 Gb/s, V- L < 0.3 Vcm and energy consump-
tion of ~pJ/bit for Mach-Zehnder modulators (MZMs), and tens
of fJ/bit for typical Si microring modulators (MRMs, without consid-
ering the power for thermal tuning).”’ The co-optimization of

tion, depletion 169
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driver-modulator design may offer a single-channel data rate beyond
100 Gb/s while preserving a good modulation efficiency.'”!

However, the performance of Si modulators is limited by the
FCPD effect itself, which tends to be less efficient in terms of speed
and power consumption than field-effect modulation mechanisms
such as LEO, FK, or QCSE. Another major disadvantage is that the
FCPD is tightly linked to a spurious amplitude change Aci, based
on Kramers—Kronig relation, which leads to poor linearity at high
modulation frequencies >100 GHz. This factor, together with TPA
at telecommunication wavelengths discussed earlier, makes it chal-
lenging for Si FCPD modulators to compete in microwave/RF pho-
tonics applications.

b. Perspectives of future development of FCPD modulators. To
further enhance the FCPD effect in Si while best leveraging existing
resources and fabrication in CMOS electronics, we envision that
the most convenient solution would be utilizing strained Si. Note
that FCPD is largely based upon semi-classical Drude model,
where the An is inversely proportional to the conductivity effective
mass.'®® For TE mode in Si waveguides, which is the most com-
monly used configuration due to a higher optical confinement
factor, the FCPD depends on the in-plane conductivity effective
mass. Under ~1% tensile strain commonly used in strained Si
CMOS transistors, the energy degeneracy of the 6 A valleys in
(100) directions are broken. Two out-of-plane A, valleys in [001]
direction are now lower in energy than the four in-plane A, valleys.
Therefore, under biaxial tensile strain, electrons will occupy the
out-of-plane A, valleys in k-space, and they sample the smaller
transverse effective mass (m,=0.19m,) upon in-plane transport
under TE polarization [Fig. 15(a)]. Correspondingly, the conductiv-
ity effective mass of electrons will decrease from 0.26m, to
0.19m,.'”* Similarly, the light and heavy-hole bands also become
non-degenerate, reducing the conductivity effective mass of holes
from 0.28 to 0.18 m, under tensile strain [Fig. 15(b)]."”* The reduc-
tion in the conductivity effective mass of electrons and holes alone
would lead to ~1.5x improvement in refractive index change An
for the same change in free-carrier density.

[010]

G

HOLE MASS ( mg )
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We also note that the FCPD effect of holes in Si is stronger
than the prediction of Drude model,'®® suggesting the actual
impact on An from holes in strained Si can be even larger than the
estimation above. Furthermore, both the electron and hole mobility
increase by 2x,'”” facilitating carrier depletion under reverse bias to
enhance the transit-time limited bandwidth of Si FCPD modulators.
Therefore, the same stressor approach applied to enhance the mobil-
ity of Si CMOS transistors can well be transferred to strain-enhanced
Si or SiGe FCPD modulators."”* Indeed, recessed SiNj stressors have
been demonstrated for spectral extension of Ge-on-Si waveguide
photodetectors,'”” which can be easily transferred to strain-enhanced
Si modulators on Si PICs.

Another emerging path of improving Si modulator perfor-
mance is coupling with high-mobility transparent conductive oxide
(TCO) as a high-efficiency, low-loss gate material for Si MRMs.
These high-mobility gating materials enhance the FCPD effect at the
TCO/gate oxide interface (ie, TCO also being part of the active
modulator material), and enable Q factor optimization to achieve
sub-1V modulation and high (photon-lifetime limited) bandwidth
simultaneously. Low-resistivity TCO also enables higher RC-limited
bandwidth. For example, recently, a high-mobility Ti-doped indium
tin oxide (ITiO) has been heterogeneously integrated with a Si MOS
capacitor (MOSCAP) microring resonator to achieve 0.8 V operation
at 25Gb/s data rate and ~50 fJ/bit power consumption.”® Similar
device structures incorporating better TCO materials on strained-
enhanced Si MRMs may achieve further improvement in modulator
performance.

2. Pockels effect (LEO) modulators

Beyond Si FCPD modulators, in recent years, other high-
performance LEO materials have been integrated on the Si platform
for high-speed, high-linearity optical modulation,'”” especially for
integrated microwave/RF photonics, where linearity requirement at
high input optical power is much more critical than data communi-
cation. The ultrafast intrinsic response of field-induced Pockels

0.4 T T T
03| rv? I-vl -
0'2 D_........‘.‘.'..’.. ooocooooowow"ooo—‘
01} * my (100 )]
(a) Si [001] stress o my (001)
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0.90 0.95 1.00 1.05 1.10
ay/ap

FIG. 15. Schematics showing the mechanism of enhanced FCPD effect in tensile strained Si. (a) Conduction band occupation of the A valleys under in-plane biaxial
tension. Electrons fill the lower energy A, valleys (symbolized by the solid ovals) and experience the smaller transverse effective mass m; upon in-plane transport under
TE polarization. Here, my is the static mass of an electron. (b) Effective mass of holes vs lattice strain for Si (001). Reproduced and adapted from M. L. Lee, E. A.
Fitzgerald, M. T. Bulsara, M. T. Currie, and A. Lochtefeld, J. Appl. Phys. 97, 011101 (2005). Copyright 1995 AIP Publishing LLC, and M. V. Fischetti and S. E. Laux,

J. Appl. Phys. 80, 2234 (1996). Copyright 1996 AIP Publishing LLC.
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effect enables a modulation rate of several hundred Gb/s for EOMs,
superior to that of Si FCPD modulators.

a. Recent progress of LEO modulators. Strain-gradient SiNx.
In principle, strain gradient in Si can break the perfect inversion
symmetry and induce ¥® nonlinearity for the Pockels effect in Si.
While early experimental work demonstrated promising results for
Si with SiN, stressors,'”® it was later found out that strain alone
could not explain the observed magnitude of the Pockels effect.'””
It turns out that the observed LEO enhancement largely came from
the charge centers and/or strain gradient in the amorphous SiNy
stressor instead.'””'®" Therefore, recently, electrical poling of SiNy
is becoming a new direction of research for monolithic, highly scal-
able LEO modulators on Si,'*"'®” especially considering the
remarkable success of low-loss SiN waveguides in recent years.
LEO in low-loss SiNy could also potentially overcome the TPA lim-
itation in Si modulators. This work is still at an early stage, though,
with demonstrated ¥® of the order of 1pm/V and potentials to
reach tens of pm/V."*?

TFLN. For decades, the Pockels effect has been exploited in
discrete bulk LiNbO3; modulators for long-haul telecommunica-
tion. This success drives the integration of thin film LN modula-
tor on Si, benefiting from the small device dimensions that
enables low-voltage operation (for the same applied electric field)
as well as strong mode confinement when coupled with SiN or
SOI waveguides.'”” The breakthroughs in high-quality TFLN on
insulator (TFLNOI) material fabrication rapidly advanced
TFLNOI modulators in recent years."™™'*” By 2020, the best
TFLNOI modulator already achieved an on-chip IL of 2.5dB,
V,-L~22Vcm, on-off keying (OOK) modulation rate of
100 Gb/s and high linearity by exploiting vertical adiabatic cou-
plers to transfer the optical power fully between Si waveguides
and LN modulators."**

To further enhance the performance at higher bandwidth, the
novel electrode design plays a critical role. Conventionally, reducing
V. requires either decreasing the gap between electrodes or elongat-
ing the device length, yet both also increase RF losses and reduce the
3 dB bandwidth. Very recent work has been focusing on improving
these electrode design, e.g., using micro-structured traveling wave
electrodes to reduce RF losses'®” or shifting the waveguides closer to
the signal electrodes in ground-signal-ground (GSG) configuration in
order to increase the electric field in the active LN regions. This
approach has achieved a 2 dB bandwidth of 100 GHz, and the extrap-
olated 3 dB bandwidth reaches 170 GHz, one of the highest reported
on silicon photonics platform so far, with V,-L~ 3.3 Vcm.'”
Single-channel OOK modulation up to 100 Gb/s and eight-level
pulse-amplitude modulation (PAM-8) at 240 Gb/s have been demon-
strated, at a power consumption of ~120 f]/bit in the latter case.
Furthermore, the propagation loss of dry etched TFLNOI waveguides
with high optical confinement in the active LN region has been
improved to the order of 0.1 dB/cm.'”" The material-limited loss in
ion-sliced LN is as low as 0.015/cm, while the Q factor of the
TFLNOI micro-resonator could potentially reach 10° with post-
fabrication annealing,'”* These results suggest that it is also promising
to achieve low-power, high-speed TFLNOI MRMs.

BTO. A limitation to the existing TFLNOI LEO modulators,
though, is the scalability. Most of the device demonstrations are
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achieved on a small fabrication area at low throughput. Lithium is
also incompatible with CMOS as a mobile ion. Therefore, for prac-
tical applications, it has to be integrated using BEOL processing as
the last step.'”> For significantly higher LEO performance and
more facile integration, other ferroelectric oxide-based thin film
modulators, such as BTO on Si,'”*"'”° are also being investigated
intensively. BTO can be grown epitaxially on Si/SOL'”* BTO thin
film modulators on SiO, demonstrate a data modulation up to
50 Gb/s and a large Pockels coefficient of ry, ~923 pm/V (ie.,
nearly 30x higher than LN) using a combination of epitaxy and
direct wafer bonding.'”® The low defect density in single-crystalline
film and low surface roughness of epitaxy BTO films are beneficial
for obtaining high yield of BTO bonding on top of the interlayer
dielectric front-end-of-line (FEOL) structure.

In recent years, plasmonic BTO modulators integration with
SiN waveguides have achieved rapid progress. These devices synerg-
istically utilize large LEO effect of BTO, strong optical and RF con-
finement/overlapping offered by plasmonic slot waveguides [see the
comparison with TFLN in Figs. 16(a)-16(d)], as well as low-loss,
low TPA SiN waveguides to enable high-power, high-linearity
microwave photonics.'””**"**> The Aw/BTO/Au slot waveguide
phase shifter also benefits from the slow light effect (i.e., slow group
velocity due to large dispersion) to enhance light-matter interaction,
such that the confinement factor in BTO can approach unity (~0.96
in Ref. 197). A very low V;-L ~ 0.014 Vcm and >200 Gb/s data
rate have been demonstrated, showing superiority in both modula-
tion efficiency and bandwidth. These features are especially desirable
for high-performance integrated microwave photonics. A trade-off
common to all plasmonic slot waveguides, though, is the metal-
induced IL of ~0.3 dB/um, which can amount to >6 dB in plasmonic
BTO MZM structures.””” This is hard to avoid for microwave pho-
tonics applications since MZM is required for linearity. When used
for data communication, on the other hand, the IL due to the inher-
ent ohmic loss in Au can be reduced by coupling with microresona-
tor structures for modulation. Since the incident light hardly couples
into the microresonator in the “on” state, it does not see the loss in
the plasmonic phase shifter as part of the resonator structure. While
there is still trade-off in the Q factor of the resonator due to the plas-
monic loss, a BTO plasmonic racetrack modulator did reduce the IL
to 2 dB while maintaining 200 GBd.'**

AIN and ferroelectric SCAIN. An emerging competitor of LEO
material for Si photonics is AIN-based ferroelectric nitrides such
as ScAIN. AIN itself has a Pockels coefficient of the order of
1 pm/V,203 similar to strain-gradient SiN, discussed earlier, but it also
offers transparency all the way to the UV spectrum. Furthermore, a
recent study has shown that ferroelectric SCAIN has potentials to
catch up or exceed the performance of TFLN.”"* Interestingly, atomic
SRO also plays an important role in high Sc composition ScAIN to
boost the LEO coefficients,””* in addition to a significant impact on
the band structures of SiGeSn discussed in Sec. II A. The integration
of wide bandgap nitride semiconductors on Si platform is further
accelerated by the needs of power electronics in recent years. There is
a good chance that Si photonics could also benefit from this surge in
nitride semiconductor integration.

Temperature-resistant EO polymers. Beyond inorganic LEO
materials, EO polymers with large LEO coefficients have been
actively investigated in the past two decades, yet long-term stability
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FIG. 16. (a)—(d) Comparison of RF and optical field confinement between TFLN and plasmonic BTO phase shifters. (a) and (b) have been reproduced with permission
from Di Zhu, Linbo Shao, Mengjie Yu, Rebecca Cheng, Boris Desiatov, C. J. Xin, Yaowen Hu, Jeffrey Holzgrafe, Soumya Ghosh, Amirhassan Shams-Ansari, Eric Puma,
Neil Sinclair, Christian Reimer, Mian Zhang, and Marko Lon¢ar, Adv. Opt. Photon. 13, 242-352 (2021). Copyright 2021 Optical Society of America. (c) and (d) have been
reproduced with permission from A. Messner et al.,, J. Lightwave Technol. 37(2), 281-290 (2019). Copyright 2019 Author(s), licensed under a Creative Commons
Attribution (CC BY) license. (e) Summary of data rate vs energy/bit of some start-of-the-art TFLN, BTO, and E-O polymer modulators (Refs. 190 and 197-200). Energy/bit

for BTO modulators is estimated using phase shifter geometry and a microwave dielectric constant of erg ~ 1000 (measured at 20 GHz

)'9"29" considering that the RF

field is well confined in the Au/BTO/Au slots. Values of V; - L are labeled for MZMs, while phase shifter lengths are labeled for racetrack modulators.

of organic materials in photonic circuits has been a persistent concern.
Recently, plasmonic EO polymer race track modulators with a record
data rate of 408 Gb/s at a low-power consumption of 12.3 {J/bit was
achieved on Si PIC for the first time."”” The device also showed high
thermal stability up to 85 °C, running at 100 GBd non return to zero
(NRZ) for more than 5h without degradation in eye diagram. The
thermal fluctuation tolerance is also nearly 30x better than Si MRM
references. This remarkable demonstration shows the potential of EO
polymers for high-performance modulators in the future.

b. Future directions and applications of LEO modulators.
Figure 16(e) summarizes some of the best-performance LEO mod-
ulators demonstrated recently. The performance of TFLN and BTO
modulators is clearly superior to that of Si FCPDs in both band-
width and energy consumption. In the near future, though, it is
likely that Si FCPD modulators and their enhanced versions (e.g.,
via strain engineering as mentioned earlier) will still dominate data
communication applications due to their maturity and high scal-
ability. It is in high-performance microwave photonics that LEO
modulators become indispensable. Therefore, we envision that
major applications of LEO modulators will be integrated microwave
Si PICs in the near future. With improvement and cost reduction
in fabrication and integration, LEO modulators may be applied to
some high-end data communication applications where modulators
capable of hundreds of Gb/s are needed.

Another interesting factor to consider is the application of
plasmonic LEO modulator structures. As discussed earlier, this
approach is advantageous for data communication applications to
minimize the modulation power consumption using plasmonic
racetrack resonator structures. However, for MZMs in RF photonic
applications, this could be an issue in terms of optical loss from

plasmonic waveguides. Note that the RF power delivered is proportional
to the square of photocurrent, Iy, while L, is proportional to the input
optical power from the modulator. Therefore, 1 dB IL will translate to
2 dB RF loss. At the current level of ~6 dB IL from plasmonic modula-
tors MZMs, the corresponding RF loss would be >10 dB. In this case,
one would rather trade-off V; - L for lower IL. Overall system perfor-
mance needs to be taken into account for device design and optimiza-
tion based on its applications.

From the data in Fig. 16(e), we can also see that BTO plasmonic
MZMs are indeed much more compact than TFLN with orders of
magnitude lower V - L. On the other hand, the energy/bit is actually
on the same order as TFLN, seemingly a bit counterintuitive. This is
mostly due to the ultrahigh microwave dielectric constant egz ~1000
for ferroelectric BTO.”"" A great advantage of high gy is that the RF
field is extremely well confined and almost perfectly overlaps the
optical field compared to TFLN [Figs. 16(a)-16(d)],"””*"* which
greatly enhances the effective LEO coefficient of the phase shifter
and enables very small V; - L. The disadvantage is that the capaci-
tance/unit length is also drastically increased, so the power consump-
tion is higher per unit length in charging/discharging the capacitive
phase shifter at a given V,,. One could consider increasing the phase
shifter length to some extent while reducing the V,, to decrease the
overall power consumption, since energy/bit scales with linearly with
C but quadratically with Vj,,. For plasmonic slot waveguide phase
shifters, though, the length is also limited by the plasmonic loss on
the order of 0.3 dB/um. All these trade-offs could be further explored
and optimized for ferroelectric modulators.

For EO polymer modulators, there is no doubt that they can
provide some of the best modulation performance on Si PIC so far,
as discussed earlier. The major concern is long-term stability when
operating on chip with temperatures up to 80°C, leading to
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reservations from the photonics industry. One of the key factors is
to increase the glass transition temperature, Ty, yet such efforts do
not necessarily align with the optimization of LEO coefficients.
There has also been relatively few studies on the long-term aging
performance of EO polymers, even though 2000h operation at
85°C has been demonstrated for some high T, EO polymers.”””
The optical power density threshold for damaging also needs to be
determined. Since most of the experts in integrated photonics are
not able to develop new EO polymer materials themselves, close
collaborations between the photonics community, the organic
chemists, and industrial partners will be needed to push EO poly-
mers into the mainstream Si PIC fabrication process. Overall, we
consider EO polymers a promising candidate for ultrafast, low-
power modulation for data communication. They are probably not
suitable for high-power microwave photonics due to damage
threshold concerns, though.

For all these high-performance LEO materials, facilitating
wafer-scale integration will be the key factor for their future success.
BEOL integration is much preferred over FEOL since it does not
modify the CMOS electronics processing flow. To this end, local
heaters in the SuMMIT HI approach discussed in Sec. II B may
provide an effective solution. For example, local heating enhanced
crystallization of BTO could be achieved without affecting surround-
ing regions, as has already been applied to on-chip garnet magneto-
optical isolators.”” As sputtered and pulse-laser deposited BTO has
already demonstrated a high LEO coefficient,”>*"* this approach
seems highly feasible for large-scale BEOL integration of BTO modu-
lators toward microwave Si PICs. Therefore, we envision that BTO
will surpass TFLN over time for integrated LEO modulators due to a
much higher Pockels coefficient, a more compact device footprint,
and better scalability for integration.

3. Semiconductor FK/QCSE modulators for Si PICs

Compared to EOMs, EAMs based on FK or QCSE induce an
extinction/absorption coefficient change (Ak ~ 0.01-0.1 or A~ 10°-
10* cm™) by applying an electric field of the order of 50-100 kV/cm
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to tilt/shift the direct band edge of semiconductors. QCSE further
benefits from the exciton peak shift to achieve an even larger Ao
In fact, An at photon energies near the direct gap can also reach
0.01-0.1 according to Kramers-Kronig relation, although EAMs
mostly utilize Ak. Such large Ak and An opens the possibility of syn-
ergistically utilizing both for energy-efficient modulation, as will be
further discussed in I1I B 3 b. The FK/QCSE induced refractive index
change (An) appears notably larger than those of the FCPD or LEO
effect because of the proximity of photon energies to the resonant
transition of the direct gap. By comparison, the working wavelengths
of FCPD and LEO modulators are far from the resonance in order to
minimize the absorption losses. For the same reason, the device length
of FK/QCSE EAM:s is typically much shorter than most of the EOMs,
comparable to plasmonic EOMs or Si MRMs of the order of 10 um,
with relatively broadband operation (~30 nm spectral width near the
band edge). This small footprint leads to lower capacitance, higher
bandwidth, and lower power consumption for Si PICs, especially for
photonic data communications. EAMs typically need a more elaborate
design for linear modulation since the transfer function depends on
both the material and the device structure;”"” therefore, they are less
investigated for microwave photonic applications.””*

a. Recent progress of FK/QCSE modulators. Figure 17(a) sum-
marizes the development of GeSi EAMs over the past decade in
terms of bandwidth and energy efficiency, while Fig. 17(b) summa-
rizes the corresponding evolution in system performance. Since the
first demonstration of tensile strain-enhanced, butt-coupled GeSi
FK EAMs (0.8 at. % Si, 1.2 GHz bandwidth at 25 fJ/bit OOK)” and
strong direct gap QCSE in Ge/SiGe MQWs,'® system integration
of Ge/GeSi EAMs has also gained more momentum in the past
decade, driven by bandwidth and energy efficiency requirements in
data communications. The first commercialization effort was made
by Kotura (later acquired by Mellanox Technologies) in 2009-2015,
who integrated lateral junction Ge and GeSi EAMs with Si ridge
waveguides.”””*'" They also demonstrated the first multi-channel
GeSi FK EAM array (9 channels x 10.25 Gb/s) integrated with
40nm CMOS technology node digital drivers for system-level
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FIG. 17. (a) Evolution of Ge and GeSi FK EAM device performance over time in terms of bandwidth and energy/bit. (b) Evolution of system integration using Ge and
GeSi FK EAM in terms of single-channel capacity and distance of the photonic data links. The corresponding multi-channel performance is labeled beside the data points.

Data are compiled from the corresponding references discussed in the main text.
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integration, with EAM bandwidth >40 GHz at 50 f]/bit energy con-
sumption and 2 Vpp.2 ' The total energy consumption was 570 fJ/bit
including the modulator driver.

Early GeSi FK EAMs adopted butt coupling schemes. In
2015-2016, researchers at IMEC introduced a taper-enhanced,
evanescently coupled Ge EAM device structure with a bandwidth/
data rate of 50 GHz/56 Gb/s.”'>*'" A very low dynamic energy con-
sumption of 12.8 fJ/bit and 30 nm spectral range was achieved at
2 Vpp. Built upon this development, they subsequently demon-
strated a 16 x 56 Gb/s GeSi EAM-PD array coupled to multicore
fibers to achieve 896 Gb/s for short reach (1-10 m) optical links.”"”
The system fully implemented the original device integration
scheme proposed in Ref. 216 in 2007, i.e., having a single epitaxial
growth with the same GeSi composition for both EAMs and PDs
to facilitate their integration. The PDs are simply longer than
EAMs in order to absorb almost all input optical power for photo-
current generation. They further demonstrated the first 100 Gb/s
NRZ OOK transmission (4 x25Gb/s data streams) using GeSi
EAMs on 200 mm SOI platform for up to 2 km through dispersion
shifted fiber.”"”

By 2022, Ge L-band FK EAMs have reached >67 GHz band-
width at 6.3 f]/bit dynamic power consumption, enabling single
channel 80 Gb/s NRZ data transmission.”'® Single-channel C-band
GeSi EAMs with >67 GHz bandwidth working at 100 GBd was also
demonstrated in 2022, enabling 108 GBd (216 Gb/s) over 1 km and
100 GBd (200 Gb/s) over 1.5 km standard single-mode fiber trans-
mission.”'” These GeSi EAMs were implemented using IMEC’s
PDK,'” marking the entry of these devices in to mainstream Si PIC
foundries. Recent studies have also demonstrated high reliability of
GeSi EAMs with >10 years projected lifetime under accelerated
aging tests,””””*' maintaining 56 Gb/s data rate up to 85°C.””’
Overall, after a decade of development, GeSi FK EAMs are ready
for large-scale deployment for high-speed and low-power Si PICs.

Compared to tensile-strain-enhanced GeSi FK EAMs,
Ge/GeSi MQW QCSE modulators are more complicated to fabri-
cate due to the more sophisticated growth of MQWs. Therefore,
high speed QCSE modulators were demonstrated later than their
FK counterparts. Due to quantum confinement in Ge QWs, the
operation wavelength is shorter than Ge (L-band) and GeSi FK
EAMs (C-band). The first waveguide-integrated Ge QCSE EAM
working at 1450-1470 nm was reported in 2012 with a very
compact footprint of 0.8 x 10 um” and an ultralow power con-
sumption of 0.75 {J/bit utilizing the large Ao in QCSE. O-band
modulation was first demonstrated by increasing the Si composition
in the barrier layers to induce even stronger quantum confinement
and blue-shift the direct gap of Ge QWSs,”*” which matches well with
InAs QD lasers discussed earlier for datacom applications. In 2021,
IMEC demonstrated the first waveguide-integrated high speed Ge
QCSE EAM with 50 GHz bandwidth and 60 Gb/s data rate at
A=1320 nm, where 2% Si was introduced to the QW regions in
order to blue-shift the bandgap.'® The capacitance of the device was
subsequently decreased below 40 fF with an estimated power con-
sumption of 38 fJ/bit for 2 V,,. The data rate was further improved
to 100 Gb/s in 2025.”*"**

As mentioned earlier, the large Ak near the band edge
induced by FK or QCSE can also induce a large An for phase mod-
ulation. Back in the early days of studying the FK effect in epitaxial
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Ge/Si, this large field-induced An has already been evaluated.”*® On
the other hand, at that time, Si FCPD modulators were flourishing,
and there was not a strong motivation to invest in FK phase modu-
lators yet. With the ever demanding requirement for bandwidth
and energy efficiency in Si PICs, the demand for more efficient and
compact phase modulators on Si is also increasing in recent years.
In 2024, the large An of GeSi MQW QCSE has been applied to
achieve an ultralow V- L = 0.036 V cm for phase modulation on
300 mm Si photonics platform for the first time.””” Considering the
maturity of the corresponding QCSE EAMs, we expect high speed
modulation of QCSE EOMs at low dynamic power consumption in
the near future.

b. Perspectives of future development: Synergistic utilizing Ak
and An. Clearly, GeSi FK and QCSE EAMs have achieved dramatic
progress in the past decade. The major limiting factor for the fabri-
cation of these devices used to be selective area growths and chemical
mechanical polishing for surface planarization of GeSi, which were
not widely available in photonics foundries back in the early 2010s.
With technical development in the past decade, these issues have
already been resolved, and GeSi EAMs have already become standard
components in the PDK of IMEC’s Si photonics foundry.'” Due to
the benefits of small footprint, high speed, and low power consump-
tion, we envision that GeSi EAMs will be more and more widely
applied to Si PICs for large-scale, energy-efficient data communica-
tions. Based on the direct bandgaps, tensile-strain-enhanced GeSi
and Ge FK EAMs will be applied to C + L bands, while GeSi QCSE
EAMs will be applied to O-band.

From a device physics point of view, the only remaining chal-
lenge to be addressed for GeSi FK/QCSE modulators is the inser-
tion loss due to the indirect gap absorption. While the IL is still
comparable to depletion mode Si FCPD modulators, for large-scale
integration, the IL and coupling loss at each photonic component
could add up to a notable power consumption, adversely affecting
the competitiveness of photonic interconnects compared to their
electrical counterparts for chip-to-chip or chip-to-memory com-
munications. We envision two solutions to further enhance the per-
formance of GeSi EAMs:

(1) Tensile strain to enhance the directness of the bandgap: Based
on existing EAM structures, this is a facile approach to reduce
the indirect gap absorption. Unlike lasers discussed earlier,
EAMs do not need such a large tensile strain for complete con-
version into a direct gap; it only needs to further reduce the
difference between direct and indirect gaps. Considering that
SiNx stressors have already been applied to extend the spectral
response of Ge/Si photodetectors in recent years,'”” it will be
relatively straightforward to apply similar approaches to reduce
the IL of GeSi EAMs.

(2) Synergistically utilizing both Ak and An: We envision that this
approach will further enhance FK and QCSE modulators near
the direct band edge of semiconductors.”>*** As discussed
earlier, since FK/QCSE works near the direct gap resonance, very
large Ak and An~0.01-0.1 can be achieved. Conventionally,
EAMs only utilize Ak, while FK/QCSE EOMs have to work at
wavelengths further away from the direct gap in order to avoid
absorption losses when utilizing An for phase shifting. We have
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proposed a new concept of utilizing both, where An was utilized
to control the coupling between the input optical power and the
EAM. For the “ON” state without an applied electric field, there
is little optical coupling into the EAM, such that the IL is very
low. After an electric field is applied for the “OFF” state, the large
An induces optical coupling of incident light into the highly
absorbing EAM. The extinction ratio (ER) can also be further
enhanced if other optical loss mechanisms are introduced to the
off-state of the EAM, e.g., plasmonic losses. Note that in this case,
the field-induced An is utilized in the “OFF” state only; therefore,
it does not introduce any additional chirp to the transmitted light
in the “ON” state.

An example of utilizing both An and Ak has been explored for
GaAs QCSE electro-reflective modulators, as shown in Fig. 18.
Electroreflective modulators based on QCSE are of interest for
optical switching arrays and bidirectional communication systems.
However, these conventional devices typically require a high driving
voltage (7-10 V) to achieve an adequate ER due to the thickness of
the MQW stack. We proposed a reflective modulator based on
hybrid plasmonic coupling, synergistically leveraging large changes
in both absorption coefficient (Ao~ 10*cm™) and refractive index
(JAn| ~0.05)."°7*** As shown in Fig. 18(a), a large |An|~0.05 at
A =850-860 nm under 80 kV/cm electric field was confirmed from
electro-reflectance measurements of p-i-n diodes comprising 30 pairs
of 3.5nm Aly3,Gag7As/10.5nm GaAs MQWs in the intrinsic
region. Theoretically, wavefunction coupling between the QWs leads
to coupled QCSE (Co-QCSE) that broadens the An spectrum, which
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QCSE modeling based on isolated QWs. Figure 18(b) schematically
shows the electro-reflective modulator structure and its coupling
with polymer waveguides and VCSELs. In the “ON” state, the inci-
dent light from the input waveguide is mostly reflected by a 20 nm
Au thin film to the output waveguide, thereby minimizing the IL.
In the “OFF” state, due to the large |An|~ 0.05 at A =850-860 nm
shown earlier in Fig. 18(a), the incident light is coupled to a hybrid
plasmonic-MQW slab mode [see the inset of Fig. 18(c)], achieving a
high ER with strong absorption from both the Ak of the QCSE
MQW and the plasmonic losses. This way, we use both absorption
mechanisms only for the “OFF” state, which minimizes the IL and
maximizes the ER. This type of electro-reflective EAM can achieve
an ER of 35-50 dB at an IL of 1-3 dB, an incident angle tolerance of
~5° and a spectral bandwidth ~10 nm at 1 V reverse bias. The mod-
ulator power consumption is estimated to be ~2f{J/bit, and the
RC-limited bandwidth well exceeds 100 GHz.

This concept of utilizing both An and Ak through hybrid plas-
monic coupling can be readily applied to GeSi FK and QCSE
effects modulators. For integration on Si PICs in data communica-
tion applications, the hybrid plasmonic structure can be simply
changed into a waveguide version, as has already been utilized in
EO polymer and BTO racetrack modulators discussed earlier in
Sec. III B 2. The GeSi section in the race track would act both as a
phase shifter and an EAM,”* and it does not necessarily need the
plasmonic waveguide structure since the high refractive index of
GeSi already provides strong optical confinement in resonator
structures. In those cases, we envision that Ge/GeSi QCSE may
achieve even better performance than BTO or EO polymer since

indeed showed better agreement with experimental results than the magnitude of An near the direct band edge (~0.05 at 80 kV/
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FIG. 18. (a) Comparison of experimentally measured vs theoretically modeled refractive index (real part) change An at 80 kV/cm electric field. Here, “TE polarization”
means that the electric field of the incident light is parallel to the MQW plane, while “TM polarization” means it is perpendicular to the MQW plane. (b) Schematics of a
chip-to-chip optical interconnect layout co-packaged with integrated circuit chips showing the integration of VCSELs, multiple quantum MQW QCSE modulators, and photo-
detectors (PDs) with polymer waveguides. The modulation principle of the hybrid plasmonic-MQW QCSE modulator is schematically illustrated for “ON” state (0V) and
“OFF” state. In the “ON” state, the incident light from the input waveguide is mostly reflected by a 20 nm Au thin film to the output waveguide. In the “OFF” state, due to
the large |An| ~ 0.05 shown in (a), the incident light is coupled to a hybrid plasmonic-MQW slab mode to achieve a high extinction ratio. (c) IL, ER, and ER/IL ratio as a
function of grazing angle in the cladding for an optimized structure with MQW thickness d =300 nm and CYTOP thickness t =200 nm. The inset shows the corresponding
distribution of the z-component of the magnetic field (H,) under 1V reverse bias (80 kV/cm) at a grazing angle of 54° for p-polarized light, indicating effective coupling to
the hybrid plasmonic-MQW slab mode for the optimal ERI/IL ratio. Here, the CYTOP thickness is t =200 nm, and the MQW thickness is d = 300 nm. Reproduced with per-
mission from X. Wang, S. Yu, H. Zuo, X. Sun, J. Hu, T. Gu, and J. Liu, IEEE J. Sel. Top. Quantum Electron. 27, 3400108 (2020). Copyright 2020 IEEE.
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cm) is comparable, while the additional Ak in GeSi would further
enhance the ER at OFF state once the incident light is coupled into
the GeSi MQW EAM.

On the other hand, surface-incident GeSi FK/QCSE electro-
reflective modulators with hybrid plasmonic coupling could be uti-
lized to form a large array of optical switches and find potential
applications in 3D imaging and LiDAR. They are especially rele-
vant for focal plane switch arrays (FPSAs), where switching is
implemented by microelectromechanical systems (MEMS) in Si
PICs for now.”” The energy consumption of switching could be
drastically reduced using FK/QCSE mechanisms.

4. Summary and outlook

Table III summarizes the current applications of different
types of modulators discussed above and potential evolutions
under each application. We envision that Si FCPD modulators and
their improved versions (e.g., with strain enhancement, integration
with TCO MOSCAP structures, etc.) will still dominate Si PICs for
data communication applications in the near future. With strain-
induced enhancement in both FCPD and carrier mobility discussed
earlier, it is expected to support the growth of data rate in the next
decade due to high maturity and scalability. The rapid progress in
QCSE/FK modulators, including those synergistically using An and
Ak discussed earlier, will be highly attractive for the next generation
of ultralow power modulators, without requiring extra power for
thermal tuning as Si MRMs. These will be best applied in cases
where low-power, high-speed, and high-volume integration are
needed simultaneous, e.g., for on-board photonics and 2.5D/3D
electronic-photonic integrated circuits. Plasmonic BTO and EO
polymers are potential competitors in data communication
systems, yet for now BTO lags behind in the scale of integration
compared to GeSi FK/QCSE modulators, while EO polymers lack
industrial acceptance due to reliability concerns. For the latter,
increasing glass transition temperature T, while maintaining a high
LEO coefficient will be critical factors for their future deployment
in Si PICs. For microwave/RF photonics applications, TFLN, BTO,
and other related LEO modulators will take over Si modulators and
dominate integrated microwave PICs.

Plasmonic modulator devices help us to enhance light-matter
interactions and reduce device footprint/energy consumption. In
these cases, a general rule to minimize metal-induced IL and maxi-
mize ER would be coupling the light into the plasmonic phase
shifter or EAM only in the optical “OFF” state. This way, the
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plasmonic loss is used to our advantage in that it enhances ER at
“OFF” state. In addition to applications as high speed modulators,
hybrid plasmonic GeSi FK/QCSE or BTO structures discussed
earlier are also promising for applications in large-scale FPSA for
on-chip LiDAR, potentially competing with MEMS in existing
FPSA systems. EOM phase shifters based on materials with large
EO effects, such as GeSi QCSE, BTO, or EO polymers, may also be
applied to optical phased arrays, competing with mainstream
thermo-optical phase shifters currently used in Si OPAs.

C. Photodetectors
1. Perspectives of Ge/Si photodetectors

Since the pioneering work of tensile strained Ge/Si
photodetectors™ >**'*** and waveguide integration*** in the early
and mid 2000s, Ge/Si photodetectors advanced rapidly and became
mature by the early 2010s.””” In the past decade, Ge/Si photodetec-
tors have become standard components in practically all Si photon-
ics foundries by now (e.g, IMEC, AIM Photonics).'*'”**° For
example, AIM photonics PDK provides Ge/Si photodetectors with
a responsivity of 1A/W, a bandwidth of >45GHz, and dark
current of <15nA at —2 V.'® A recent review of Ge/Si photodetec-
tors for data communications can be found in Chap. 4 of Ref. 15.
Overall, waveguide-integrated Ge/Si p-i-n photodetector perfor-
mance is comparable to their III-V counterparts. The bandwidth
has reached as high as 265 GHz,”” fully satisfying the needs of data
communication systems. To further facilitate high-density 3D pho-
tonic integration, BEOL processing of Ge detectors is being investi-
gated, as has been discussed in Sec. II B 2 and Fig. 8.

With internal multiplication gain, Ge APDs are vital to drasti-
cally improve the detection sensitivity. The state-of-the-art Ge/Si
APDs employ a separate absorption-charge-multiplication (SACM)
scheme, in which Ge acts as the near infrared (NIR) absorption
region and Si as the low-noise multiplication region, respectively.
The demonstration of Ge/Si 10x10 APD array with high-
sensitivity and large detection area opens the route to the LIDAR
application.”” Overall, Ge/Si APDs exceeded the performance of
III-V APDs in bandwidth-gain product, thanks to the low-noise Si
multiplication layers (see Chap. 4 of Ref. 15). The Ge/Si single-
photon avalanche diode (SPAD) working in the Geiger mode dem-
onstrates a detection efficiency of 38% at 125K at a wavelength of
1310 nm, offering a route toward large SPAD arrays for use in
quantum technology applications.””” The development of large-

TABLE lll. Summary of modulators/phase shifters on Si PICs and their potential future evolutions.

Data communication

O-band C/L-band Microwave photonics LiDAR
Current technology Si FCPD Si FCPD; TFLN Si thermo-optical;
MEMS
Further Strained Si; TCO MOSCAP Large-scale integration and electrode optimization Si FCPD
improvement of TFLN
Next generation GeSi QCSE; GeSi FK Plasmonic BTO BTO; GeSi QCSE

Other competitors ~ Plasmonic BTO, EO polymers

Strained SiNx; AIN; ferroelectric nitrides (e.g., SCAIN)

EO polymers

Z1:20:50 G202 1Snbny zz

J. Appl. Phys. 138, 060901 (2025); doi: 10.1063/5.0263644
© Author(s) 2025

138, 060901-25


https://pubs.aip.org/aip/jap

Journal of
Applied Physics

scale Ge/Si APD/SPAD arrays with robust CMOS fabrication may
speed up Ge/Si entering the LiDAR application field dominated by
III-V APDs.

There are still two areas of applications where Ge/Si photode-
tector still cannot catch up with their ITII-V counterparts:

(1) Microwave photonics: This application requires simultaneous
achievements of high-linearity, high-saturation photocurrent,
and high 3dB bandwidth under high input optical power.
Traveling wave photodetectors (TWPDs) and uni-traveling
carrier (UTC) photodetectors are commonly used for this
application. UTCs typically use heterojunction band offsets to
collect photoelectrons while blocking the holes in order to
enhance the speed of the photodetectors. In this area, Ge/Si
still lags behind InGaAs/InP in that the bandwidth and the sat-
uration current of UTCs and TWPDs are still notably lower
than III-V devices for microwave photonics applications. The
bandwidth of Ge/Si TWPDs and UTC is limited to ~30-40
GHz at a saturation current of 2-8 mA,”*>”*" compared to
>100 GHz bandwidth at >10 mA saturation current and 60
GHz bandwidth at >40 mA saturation current from their III-V
counterparts on Inp**>**’

To address this challenge, we could consider fully utilizing the
benefits of Ge/Si photodetectors in large-scale integration on Si
platform. For example, the overall microwave photonics system per-
formance could be boosted by splitting the incident optical power
among dense Ge/Si detector arrays instead of a single high-
performance detector in this case, benefiting from a much higher
thermal conductivity of Si compared to InP.

(1) Photon counting detectors: This application is mostly limited
by the dark current in Ge/Si photodiodes. The dark current
density of Ge photodiodes tends to be significantly higher than
that of InGaAs. This is because the indirect gap of Ge is only
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0.66 eV, nearly 0.1 eV smaller than that of InGaAs photodetec-
tors for telecommunications. Another complication is that,
while cyclic annealing is effective in removing TDs in the Ge
absorber layer, the Ge/Si interface still has a high density of
MDs (average spacing ~10 nm for fully relaxed Ge), while pho-
toelectrons have to move across this defective interface to reach
the Si multiplication layer in APD devices. While these draw-
backs are less of an issue for data communication since it is
shot noise limited, for weak light detection in LiDAR systems
or NIR imaging, the problem will be amplified. Therefore,
photon counter Ge/Si APDs tend to suffer from a large dark
count rate and need to operate at lower temperatures.”””

From an integrated photonics point of view, efficient HI of
III-V absorbers on Si would be a more ideal solution than Ge/Si
SPADs. As discussed in Sec. II B 1 and Fig. 5, III-V “grafted” on Si
through a high-quality tunneling oxide layer could potentially inte-
grate the best of both and achieve high-performance SPADs on Si.
Nearly ideal junction performance has already been demonstrated,
which avoids the highly dislocated interface between Ge and Si. We
envision that both Ge/Si and grafted III-V/Si SPAD approaches
will be developed in the near future, and they may cater for differ-
ent applications depending on how stringent the requirement is on
dark counts vs cost and scalability.

2. Perspectives of GeSn photodetectors

As discussed earlier, alloying Ge with Sn pushes the optical
response to SWIR and MWIR range for optical sensing and
imaging applications. The development over the past two decades
or so increased Sn concentration in GeSn from ~1% up to ~30%,
extended the detection cut-off wavelength from 1650 to 4600 nm
and reduced the dark current density from 10 A/cm® to 1 mA/cm®
for <10at. % Sn composition [see Fig. 19(a)].”**™**" At A =2400 nm,
the maximal detectivity D* was 1.1 x 10'® cm Hz">W™" at 77 K and
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FIG. 19. Comparison of theoretical limit vs experimental data for (a) dark current density vs Sn content and (b) spectral detectivity at different Sn compositions. The
arrows show the gaps between theoretical and experimental detectivities for 8 at. % Sn°*® and 12 at. % Sn.?*° Reproduced and adapted from G.-E. Chang, S--Q. Yu, and
G. Sun, Sensors 23, 7386 (2023). Copyright 2023 Author(s), licensed under a Creative Commons Attribution (CC BY) license.
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~1x10° cm- Hz"2W™" at 300 K, respectively, for 12.5 at. % Sn com-
position, slightly higher than smaller bandgap PbSe but still more
than an order of magnitude lower than extended InGaAs (with a
similar cut-off wavelength of 2600 nm) or PbS detectors (with a
longer cut-off wavelength at ~3600 nm).**’

High-speed GeSn photodetectors are also being developed
toward SWIR optical communications systems based on Thulium-
doped fiber amplifiers at 2000 nm wavelengths.””” All the best spec-
ifications are not yet fulfilled in a single GeSn photodiode.
For example, a GeSn detector with a bandwidth of 7.5 GHz at a
bias of 5V has a 2600 nm cut-off wavelength, a 0.3 A/W responsiv-
ity, and a dark current density of 10 A/cm” at room temperature.””'
The highest bandwidth reported so far, on the other hand, was
30 GHz at 2000 nm wavelength under —3V bias, yet with an
optical responsivity of only 14 mA/W and a dark current density of
125 mA/cm? in a Geg 96Sng 04 alloy.232

Recently, the theoretical limit of GeSn photodiodes was ana-
lyzed and proposed as “Rule 23.>**" A recent summary of GeSn
detector performance can be found in Ref. 253. Therefore, we will
not further extend the literature review here but focus on discussing
the dark current density hurdle due to the GeSn film quality.
As shown in Fig. 19, most of the experimentally reported dark
current at —1 V are significantly higher than the theoretical values.
In fact, even the best detectivity values reported in Ref. 248 for
8 at. % Sn and Ref. 249 for 12 at. % Sn at 300 K are still ~20x lower
than the theoretical values of “Rule 23” [Fig. 19(b)]. As discussed
earlier, a major challenge is that the Sn segregation at elevated tem-
peratures does not allow conventional cyclic annealing to help
remove TDs and point defects to mitigate dark current. To address
this fundamental barrier, we envision the following strategies for
SWIR and MWIR detectors, respectively:

(1) SWIR: In this case, the most feasible approach would be pseu-
domorphic GeSn thin films and MQWSs enhanced by photon
management. For SWIR detection at <2700 nm wavelength, a
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Sn composition <12 at. % is sufficient. In this case, the lattice
mismatch between GeSn and the Ge buffer is within ~1.5%,
such that pseudomorphic growth below the critical thickness is
still feasible to provide notable SWIR absorption and prevent
MD/TD formation at the same time. Furthermore, GeSn/Ge
QWs in this temperature range can sustain RTA up to 400 °C
to reduce point defects and improve the responsivity.'*”

This strategy is especially suitable for waveguide-integrated
detectors for SWIR communication applications, since the GeSn
photodetector can simply be made long enough in the longitudinal
direction to absorb all the input optical power from the waveguide,
while carrier collection is implemented in the thin thickness direc-
tion to minimize carrier transit time. For GeSn/Ge MQWs, the
detection spectrum can also be redshifted using QCSE, thereby cov-
ering a larger spectral range.

For surface-incident detectors, e.g., for LIDAR or image sensing,
we could utilize photon management to greatly enhance GeSn
absorption. For example, high refractive index Ge nanohole array
metasurface has been applied to Ge/GeSn MQW photodetectors and
achieved a detectivity of 5x10°cmHz">W™" at A=2000nm at
300 K,”*® one of the highest for room-temperature GeSn SWIR detec-
tors reported so far. Interestingly, beyond high refractive index Ge
(n~4), Sn itself has an ultrahigh refractive index of n~9 at SWIR
wavelengths of 2000-3000 nm,”* which has been utilized to signifi-
cantly enhance the responsivity of Ge*”> and graphene photodetec-
tors by up to 20x*7***° based on synergistic near-field enhancement
and antenna coupled cavity enhancement. Compared to Ge nano-
holes, Sn nanodots can be self-assembled into pseudo-periodic
structures by controlling deposition conditions,””” thereby facilitating
fabrication and offering broadband photon management.
Furthermore, self-assembled Sn/SnO nano-needle structured TCO
thin films can serve as a tensile stressor and an electrode simultane-
ously, which is especially suitable for synergistic band engineering
and photon management.””® We envision that a similar approach
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FIG. 20. (a) Schematic structure of Sn/Au core-shell dots on vertical GeSn/Si (8% Sn) photodetector to enhance GeSn absorption, (b) surface plot of norm electric field
(V/em, log scale) of Sn/Au dot on the GeSn/Si photodetector, and (c) comparison of GeSn absorption as a function of gap between Au dots, Sn/Au core-shell dots, Sn
dots, and no dots. A 50 nm-thick Au coating on 250 nm radius Sn dots enables a maximum GeSn absorption similar to the case of Au dots, i.e., 5 times of the case

without light trapping structures.
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can be adapted for surface-incident GeSn photodetectors in SWIR
regimes. Figure 20 shows such an example. Here, Sn nanodots
alone can enhance the absorption of GeSn by 3x at A =2000 nm,
while adding a thin Au coating on the surface of Sn nanodots will
lead to ~6x absorption enhancement. In the latter case,
self-assembled Sn nanodots themselves serve as a template such
that there is no need to conduct lithography on Au on ~100 nm
scale.

To further increase optical absorption, we can also consider
using a GeSn absorber thickness somewhat larger than the critical
thickness and adopt lateral junction photodiode structures to avoid
the defective GeSn/Ge interface compared to vertical junction
structures. Since the defective interface is not in the junction
region, the dark current could be reduced. It has been shown that a
planar lateral GeSn photodiode yields a detectivity an order of
magnitude higher than that of the conventional vertical counter-
part.””” We have also shown that dopant ion implantation and
dopant activation is feasible for up to 11at.% Sn composition.”*
Therefore, the lateral junction of thicker GeSn, combined with
photon management, is feasible to further increase the detectivity
in SWIR regime.

(1) MWIR: In this respect, we envision that the community will
need to shift the focus from increasing Sn composition to engi-
neering atomic ordering for spectral extension. Based on recent
studies of spontaneous intermixing of Sn into Ge nanoclusters
upon room-temperature co-deposition, the metastable solubil-
ity of Sn in Ge nanoclusters is estimated to be ~18 at. % at
room-temperature.”®’ Increasing Sn composition beyond 20 at.
% would deviate too far from the thermodynamic stability
range even for GeSn nanostructures, thereby leading to lots of
defects in the film. For example, vacancy formation energy
tends to decrease with Sn composition because vacancies tend
to help accommodate the lattice distortion induced by Sn.
Furthermore, as mentioned in Sec. III A 3 b for GeSn lasers,
Sn segregation goes hand in hand with TD gliding. If we want
to remove TDs by allowing them to glide and annihilate each
other, Sn would inevitably diffuse to the surface through these
TDs and get dumped along the paths of TD motion. Our
annealing testing of CVD epitaxial GeSn sample with 18 at. %
Sn also showed dense cross-hatch patterns and strain-field
induced surface undulations in the as grown samples, as well
as extensive Sn segregation after RTA for 1min at 300 °C,
making it impossible to do any heat treatment to remove TDs.

Based on the discussion above, we can see a fundamental trade-
off between Sn segregation and TD removal for Sn composition at
18 at. % and above. We envision that further increasing Sn composi-
tion in GeSn alloys would most likely be an effort in vain for practical
device applications if we simply continue doing regular dislocation-
assisted relaxation of GeSn on Ge buffer layers. Creative ideas that
could facilitate elastic strain relaxation through lateral overgrowth
without impinging the growth areas, such as 2D material mediated
remote hetero-epitaxy”®' or aspect ratio trapping (ART),””*® could
potentially resolve part of the problem and achieve high Sn composi-
tion at higher quality. However, so far, there have been few studies on
GeSn selective area growth to implement these attempts. A very recent

PERSPECTIVE pubs.aip.org/aip/jap

preliminary investigation on GeSn ART showed improved crystallinity
vet relatively low Sn incorporation.”® Much effort will be needed to
fully understand how to incorporate Sn in these lateral elastic strain
relaxation processes.

Therefore, the key idea to achieve high detectivity at MWIR
regime is red-shifting the direct gap transition with minimal Sn com-
positions, therefore minimal lattice mismatch with the Ge bulffer.
The goal can potentially be reached by engineering atomic ordering
in the SiGeSn system. Recalling our discussions in Sec. IT A, engi-
neering atomic ordering potentially allows us to achieve ~3 meV
bandgap with an average Sn concentration of 8.3% at a GeSn/Ge
lattice mismatch of 1.2% using Ge;;Sn; 3-DAs. Therefore, any
bandgap in MWIR and even long-wave IR regime can be achieved
within 1.2% lattice mismatch by engineering atomic ordering in
GeSn, which has a much better promise to implement both MWIR
spectral extension and high heteroepitaxy quality. As stated earlier,
what matters to a large extent is not the Sn composition, but where
to distribute the Sn atoms in order to induce bandgap shrinkage
most effectively.

In addition, SRO in SiGeSn ternary alloys provides more
degrees of freedom in both composition and SRO for spectral exten-
sion. Since the smaller Si atoms help to balance the local lattice dis-
tortion induced by the large Sn atoms, overall SiGeSn alloys are
more stable thermodynamically and can be better lattice-matched to
the Ge buffer layer. With SRO, the stability and defect robustness
can be further improved due to better accommodation of lattice dis-
tortion through local motifs. In fact, our recent first-principles com-
putation modeling indeed indicates a notably higher vacancy
formation energy in R-SRO and E-SRO SiGeSn than random alloys
statistically. Details will be published separately. Further considering
the strong impact of SRO on band structure engineering shown in
Fig. 2 and Ref. 41, we envision that SiGeSn will offer a wide range of
choices for high-performance MWIR detection. The minimal
bandgap modeled for SiGeSn in Ref. 41 already reached ~0.2¢eV,
similar to that of InSb. Lattice-matched Type-II SiGeSn heterostruc-
tures may also lead to Type II superlattices (T2SLs) for further spec-
tral extension, as widely applied in their III-V counterparts.””
Another advantage of these T2SL structures is similar to ICLs dis-
cussed in the lasers section, where defect states are outside the
photon transition range as shown in Fig. 12. A possible approach to
reach desirable SRO is to start with an ordered growth structure (e.g.,
short-period superlattices) and utilize the interdiffusion to our
advantage to reach the desirable SRO, considering that they are ther-
modynamically favored. As discussed in Sec. II A, we could also
control precursors or surfactants in situ or use He" ion implantation
ex situ to modify SiGeSn SRO. We envision that this will be an active
field of study for SiGeSn devices in the next decade.

Resolving the defect-related dark current density issue in
GeSn will also open the door to more practical (Si)GeSn SWIR
APDs. While a few reports on GeSn APDs have been published
over the past decade, the Sn composition is still quite limited.
Self-calibrated avalanche gain has only been demonstrated very
recently, where photocurrent saturation after punch-through was
used to undoubtedly calibrate the unity gain.”®’ Further driving
down the dark current will potentially allow high-performance
GeSn SWIR APDs to operate under thermoelectric cooling (TEC)
(e.g., at —60 °C) for imaging and LiDAR applications.
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D. Image sensing

While not typically considered part of “silicon photonics” or
“Si PICs,” Si CMOS images sensors (CIS) are actually the most suc-
cessful and the most widely used Si photonic devices. They revolu-
tionized 2D imaging, which is practically incorporated in all mobile
devices. Recent progress in quantum image sensor (QIS) further
developed the remarkable capability of photon counting at room
temperature in the visible spectral regime, representing the next
generation of image sensors.”*" Instead of using avalanche gain as
SPADs, QIS utilizes the simple principle that an appreciable voltage
change (AV) can be measured if a single photoelectron (e”) is
transferred to a small capacitor (C) according to AV =e"/C. The
small capacitance is naturally enabled by CMOS scaling to more
and more advanced technology nodes, a perfect example of elec-
tronic-photonic synergy. For example, at 65nm CMOS node, the
capacitance of the n* floating diffusion (FD) node can be reduced
to as small as C=400aF, meaning that a single photoelectron
transferred to FD can induce a AV = 0.4 mV.>%>?°° By comparison,
the readout noise at room-temperature is only ~0.1 mV, thanks to
the advanced CMOS circuits and readout techniques such as corre-
lated double samples (CDC) to cancel out kTC thermal noises.
Therefore, single-photon counting can be achieved using Si QIS at
room temperature. Compared to SPADs, QIS has advantages of
high pixel resolution, orders of magnitude lower dark count rates
(0.1e7/s°°%° ys ~100 /s at 300K), low voltage and power,
room temperature operation, and standard foundry process of
CMOS image sensors. The first commercial QIS product was
debuted in 2021 by Gigajot, with an r.m.s. read noise as low as
0.16 e™."*° A very recent review on the evolution of Si CIS can be
found in Ref. 269.

In addition to CMOS scaling enhanced photon counting sen-
sitivity, another great advantage of CIS is that they can be pro-
grammed for sophisticated imaging functionalities. For example,
recently high-speed, high signal-to-noise (SNR) ratio fluorescence
imaging has been demonstrated using individually programmable
pixels to control the sampling speed and phase of each pixel.””’
Such a sophisticated programmable readout is another great
example of electronic—photonic synergy on Si CMOS platform,
which can well be used in conjunction with machine learning (ML)
for unprecedented imaging and analysis capabilities.

Considering the maturity, scalability, and high-performance of
existing Si CIS and QIS platform discussed above, it is simply
natural to consider riding on the wings of Si CIS/QIS by integrating
other absorbing materials to extend the detection wavelength range
beyond visible and near infrared regime (limited by the bandgap of
Si). All we need to do is to transfer the photoelectrons to n-type
storage wells (SWs) of Si CIS, and the rest is implemented by the Si
CIS readout platform. Some implementations and visions for x-ray,
UV, and infrared “CMOS+X” image sensors will be presented in
this section, where “X” refers to the corresponding absorber mate-
rial in each spectral regime.

Another emerging field for Si photonics is 3D imaging in
LiDAR applications, allowing the devices to perceive, map, and
interact with the surrounding world. Traditional LiDAR is a large
and expensive system including discrete optical and mechanical
components, such as sources, scanners, and detectors. In recent
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years, Si photonics has entered almost every aspect of 3D imaging,
from Si modulators,””’ thermos-optic switch array,”’” beam steer-
ing module,””” to Ge/Si SPADs (though low-temperature operation
at 100 K)*"* and Ge photodetector arrays for coherent detection.”””
The ultimate goal is to achieve a compact LiDAR system by utiliz-
ing on-chip laser control, digital beam steering, and optical signal
processing on Si PICs. The on-chip LiDAR will pave the way for
large-scale implementation of 3D imaging in the same way that 2D
CMOS image sensor disrupts the imaging industry. Such a LIDAR
system will require optimization of all active photonic devices on Si
PICs for system-level integration. Therefore, we will also discuss 3D
imaging based on Si PICs for LiDAR applications at the end of this
section.

1. Si CIS with extended wavelength range

To investigate the spectral extension of “CMOS+X” CIS, we
have started with hard x-ray detection at photon energies
>10keV.”’>””” Hard x-ray detection has broad applications in bio-
medical imaging as well as monitoring dynamic processes in laser-
assisted additive manufacturing. However, Si itself has very low
absorption coefficient at >10keV. Conventional solutions are (1)
using higher atomic weight semiconductors such as CdTe.
However, the level of pixel integration is far from that of Si CIS; (2)
using x-ray scintillators, especially fast ones such as Lu,SiOs (LSO)
and Lu,Y,Si05 (LYSO) with a relatively short luminescence decay
time of ~36ns, to convert hard x ray into visible photons for Si
CIS to detect. In this case, relatively thick (hundreds of um), high-
quality single crystals are required to absorb hard x-ray photons
and convert them to visible/UV photons efficiently. Such a large
thickness induces more crosstalk between Si pixels since light
emitted from the thick scintillator could illuminate many pixels,
reducing the spatial resolution.

To address these challenges, Fig. 21 shows a successful
example of monolithically integrating a Bi,Te; photon energy
attenuation layer (PAL) on Si CIS for hard x-ray detection.
Different from scintillators that convert incident x-ray photons to
visible or UV photons, the high atomic number PAL attenuates the
incident photon energy to a few keV on average, such that Si can
absorb the downconverted x-ray photons much more efficiently.
Consequently, the required thickness of the PAL downconversion
layer is much thinner than that of regular scintillators. The high-Z
PAL offers three major advantages: (1) Higher spatial resolution.
Since the thickness of PAL is of the order of 100 nm to 1 um, i.e., ~3
orders thinner than LYSO or LSO scintillators, the crosstalk between
pixels is drastically reduced when detecting downconverted photons,
and the spatial resolution is increased correspondingly; (2) High
speed as a result of fast photoelectron generation and Compton scat-
tering within «10ns in x-ray photon energy downconversion
process in PALs, compare to ~36 ns visible light luminescence decay
time in LYSO scintillators; (3) Convenient integration by directly
depositing polycrystalline or even amorphous high atomic number
PALs on Si CIS pixels. The energy downconversion is mainly attrib-
uted to the x-ray photon scattering with inner core electrons of the
heavy element atoms in the PAL layer; therefore, crystallinity is no
longer required. This is a notable advantage compared to expensive
single-crystalline LYSO scintillators.
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FIG. 21. (a) A photo of a Si CIS chip integrated with a 250 nm-thick Bi,Te; PAL layer for enhanced hard x-ray detection. The corresponding optical microscopy (top right)
and scanning electron microscopy (SEM, lower right) images show a 32 x 32 array of 50 x 50 um? pixels in this prototype chip. (b) Comparison of 22.1 keV x-ray photon
detection events under the same exposure time for a reference Si CIS chip covered with 0.5 mm-thick LYSO scintillators vs the one in (a) (integrated with a 250 nm-thick
BiyTez PAL). Each pixel in white detected two x-ray photons, while each gray one detected one x-ray photon. (c) Experimentally measured vs theoretically modeled
quantum efficiency as a function of incident photon energy. Figures reproduced and regrouped from Eldred Lee, Kaitlin M. Anagnost, Zhehui Wang, Michael R. James,
Eric Fossum, and Jifeng Liu, Instruments 5, 17 (2021). Copyright 2021 Author(s), and Eldred Lee, Kevin D. Larkin, Xin Yue, Zhehui Wang, Eric R. Fossum, and Jifeng
Liu, Instruments 7, 24 (2023). Copyright 2023 Author(s), licensed under a Creative Commons Attribution (CC BY) license.

As shown in the demonstration in Fig. 21(b),”’ a
250 nm-thick Bi,Te; PAL/Si CIS detected many more x-ray
photons at 22.1keV than a Si CIS reference chip covered with a
0.5 mm-thick LYSO crystal under the same exposure time. Part of
the reason is that, while LYSO converts x-ray photons to blue
photons at A =420 nm at a yield of ~30 photons/keV, Si tends to
have lower quantum efficiency at 420nm due to very shallow
absorption depth and susceptibility to surface recombination.
Another issue is the total internal reflection within the thick LYSO
crystal, which drastically decreases photon coupling into Si CIS.
Therefore, this comparison demonstrates that Bi,Te; PAL is more
efficient in boosting hard x-ray detection efficiency of Si CIS than
LYSO, and it is much easier to fabricate and integrate on Si CIS
chips. Figure 21(c) further shows that Si CIS chips integrated with
Bi,Te; PALs exhibit ~10x improvement in external quantum effi-
ciency compared to a reference image sensor without PAL layers at
incident x-ray photon energy range of 10-40 keV.

An important implication from the success of hard x-ray
Bi,Te, PAL/Si CIS is that the same approach applies to any photon
upconversion or downconversion layers that can be directly depos-
ited on Si, thereby greatly extending the spectral response of Si CIS.

In addition to integrating upconversion/downconversion
layers, another important approach for spectral extension of Si CIS
is to transfer photoelectrons from BEOL integrated UV/IR absorber

layers directly to the storage well of Si pixels. As an example,
Fig. 22(a) shows device modeling of GeSn (11 at. % Sn)/Si CIS for
SWIR and MWIR detection. In this case, GeSn can be directly crys-
tallized on Si using the BEOL processing techniques discussed in
Sec. I B 2. The p" Si pinning layer is changed into an interdigitated
finger structure, such that electrons and holes generated in GeSn
will be collected to the p+ Si region (ground) and n-Si storage well,
respectively. The modeling in Fig. 22(a) shows the electron and
hole concentration distribution in the devices upon 50 mW/cm?
excitation at A =2050 nm. The photoelectron concentration gener-
ated in GeSn can reach 10'°-10'7 cm™. When a reverse bias of
—1V is applied upon readout between p* Si and n-Si lateral junc-
tions, the extraction of photoelectrons from GeSn is even more effi-
cient, as shown by the darker red shades in the GeSn and N-Si
regions due to the enhanced transport of photoelectrons from
GeSn to N-Si. Similarly, holes can be smoothly transported to p*
Si regions in the two panels on the right. We also note that we
adopted a residual p-doping of 5x 10" cm™ in the GeSn region
due to defects to model the material quality in practical device fab-
rication, and the modeling in Fig. 22(a) shows that this does not
significantly impact the photoelectron collection. Recently, we have
experimentally demonstrated some prototype devices based on the
structure in Fig. 22(a), with a low dark current density of 10 uA/cm?
at room temperature and 60 nA/cm® upon TEC cooling to —60 °C.
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FIG. 22. (a) Device modeling of a GeSn/Si CIS showing electron and hole density distribution in log scale under 50 mW/cm? excitation at A =2050 nm. (b) illustrates a
nanophotonic metal-oxide—semiconductor (MOS) structures on the backside of QIS for solar-blind UV detection.

Imaging at 1850 nm wavelength has been demonstrated using a
32x32 GeSn/Si CIS pixel array. Details of the results will be
reported in a separate paper.

Furthermore, solar-blind UV QIS can be achieved by utilizing
UV-excited hot electrons in a nanophotonic metal-oxide-semicon-
ductor (MOS) structure, as shown in Fig. 22(b). The metallic nano-
structures act as nano-antennas to concentrate UV light, as well as
internal photoemission emitters, where hot electrons are excited by
UV photons across the metal/oxide interfacial barrier ®g””" to
reach the electron SW in each QIS pixel for readout. The metal/
oxide interfacial potential barrier height is used to tune the UV
response range and block solar-excited photoelectrons. The metal
nanostructures can be fabricated by nanolithography or self-
assembly. These implementations are under active investigation
and development.

Overall, we envision that the next era of advanced CIS and
QIS will provide a universal platform for diverse wavelength ranges
through BEOL integration of various photon energy upconversion
and downconversion layers, as well as different absorbers that
transfer photoelectrons into Si pixels. It potentially represents a
paradigm shift in multispectral imaging.

2. Toward 3D LiDAR imaging

The lightweight, compact, and cost-effective on-chip LiDAR
should be the ultimate answer to the ubiquitous deployment of 3D
imaging, in the same way that the CMOS camera revolutionized 2D
imaging. In contrast to widespread 905 nm lasers typically employed
in commercial LIDAR systems, 1550 nm lasers exhibit a higher per-
missible optical power for eye safety and longer range applications, as
well as compatibility with readily available Si photonic devices and cir-
cuits. In recent years, Si photonics technology has penetrated the

LiDAR applications from various integration levels.””**”* For example,
Aeye uses a microelectromechanical systems (MEMS) mirror system
made of monocrystalline silicon in its time-of-flight (TOF) measure-
ment architecture, which enables vehicle detection at a distance of
1000 m and finds applications in autonomous driving.”*’ The innova-
tion of other start-ups (such as Analog Photonics,”' Aeva, Voyant
Photonics, SiLC,”*” Tower Semiconductors,”®” and Pointcloud”**) lies
in the FMCW approach to capture the depth information, where the
frequency of the FMCW source is linearly chirped, and the reflected
signal is mixed with the reference local oscillator on the coherent
receiver to detect the beat frequency. As summarized in Fig. 23, differ-
ent combinations of Si PIC technologies have been implemented, yet
there is no clear winner so far. The successful technologies to gain
market are based on the right combination of existing technologies
and alignment with applications and costs (Fig. 23).

In this section, we will briefly discuss and evaluate the current
status of active photonic devices in Si PICs for the key technologies
for LiDAR applications:

a. Laser wavelength. While lasers around 900 nm provide high
power and high efficiency from a pure optical point of view,
1550 nm sources are undoubtedly advantageous in terms of eye
safety. In fact, eye safety standard IEC 60825-1°" limits the power of
905 nm laser and the maximal distance. Longer wavelengths in the
SWIR regime (1700-2000 nm) help penetrate through haze and
fogs,'>'"” and they also have high reflectivity on dark/black objects
in the visible regime. However, the laser efficiency and photodetec-
tors’ detectivity both drop at longer wavelengths. Therefore, we envi-
sion that an intermediate wavelength at 1550 nm will be the most
reasonable choice at least in the near future. Commercial develop-
ment of high-power 1550 nm pulse laser for the ToF system has also
achieved notably progress in recent years.”*® Other relatively eye-safe
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FIG. 23. Summary of available LiDAR systems based on different methods of ranging, beam steering, phase shifting/switching, and detection. Various combinations have
been implemented by many companies, some of which are listed in the first column. The MEMS mirror micro-scanner figure was reproduced with permission from https:/
commons.wikimedia.org/wiki/File:Fraunhofer_IPMS_Mikroscanner-Module.jpg. Copyright 2011 Positiveimpact, licensed under a Creative Commons Attribution (CC BY)
license. The LABS and MEMS switches figures were reproduced with permission from Xiaosheng Zhang, Kyungmok Kwon, Johannes Henriksson, Jianheng Luo, and
Ming C. Wu, Nature 603, 253-258 (2022). Copyright 2022 Author(s), licensed under a Creative Commons Attribution (CC BY) license. The thermo-optic phase shifter
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figure was reproduced with permission from B. Pant, W. Zhang, M. Ebert, X. Yan, H. Du, M. Banakar, D. T. Tran, Y. Qi, D. Rowe, V. Jeyaselvan, C. G. Littlejohns, G.
T. Reed, and D. J. Thomson, Opt. Express 29, 36461-36468 (2021). Copyright 2021 Author(s), licensed under a Creative Commons Attribution (CC BY) license. The
electro-optic phase shifter figure was reproduced with permission from Y. Kim, J.-H. Han, D. Ahn, and S. Kim, Micromachines 12, 625 (2021). Copyright 2021 Author(s),
licensed under a Creative Commons Attribution (CC BY) license. The balanced photodetector figure was reproduced with permission from Rui Wang, Lian Chen, Yiming
Zhao, and Ge Jin, Rev. Sci. Instrum. 91, 073101 (2020). Copyright 2020 AIP Publishing LLC. The coherent detector array figure was reproduced with permission from
R. Nicolaescu, C. Rogers, A. Y. Piggott, D. J. Thomson, I. E., Opris, S. A. Fortune, A. J. Compston, A. Gondarenko, F. Meng, X. Chen et al., Proc. SPIE 11691, 116810G

(2021). Copyright 2021 SPIE.

wavelengths with lower solar radiation background, e.g., 1350 nm
(close to O-band lasers) or 1400 nm (closer to 1480 pump lasers
widely used in telecommunications), can also be considered for ToF
systems with higher efficiency/lower cost than 1550 nm sources.
SWIR lasers may get into the application if both high-performance
lasers and high detectivity detectors are achieved.

b. ToF vs FMCW. While there is an on-going debate on which
system is better for automobile LiDAR systems, here we focus on
which one would benefit more from Si PIC platform. For ToF, the
required components are relatively simple, so they can well be
implemented using compact packaging of high-performance discrete
devices, such as high-power pulsed lasers and high-speed ToF photo-
detectors. In particular, the development of high-power, high-
efficiency, single-mode PCSELs can well cover the needs of ToF

LiDAR systems using dually modulated PCSELs (DM-PCSELs).”*’
The system comprised a ToF camera, a flash DM-PCSEL for broad
angle illumination, and a complementary beam-scanning source
simply based on a DM-PCSEL array to enhance the detection of low-
reflectivity objects. Low-threshold PCSELs emitting at 1550 nm have
also been demonstrated very recently.”* Overall, there is not a strong
motivation to bring all the pulse laser and detector components on
the same chip for ToF applications, considering that their fabrication
processes are drastically different, and integration on Si does not
seem to provide significant advantages.

Therefore, we envision that Si photonics is more suitable for
FMCW. FMCWs are sometimes referred to as “Gen 2” in LiDAR
systems in that coherent optics provides many advantages, such as
higher SNR at longer distance, rejection of background optical noise,
direct velocity measurements (in the direction of driving), no
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interference from other LIDAR beams, etc.””® However, the system is
also more complicated to implement, with many components for
chirp control, beam splitters, optical amplifiers, phase shifters,
optical antennas, coherent detectors, etc. This is where dense integra-
tion of sophisticated optical components on Si PIC could provide
lower cost and higher scalability toward practical commercial
applications.””

c. Photodetectors. Existing Ge/Si photodetectors, including
APDs and waveguide-integrated ones, can well be applied to LIDAR
Si PICs. For the 1550 nm laser, waveguide-coupled detectors used in
OPA and FPSA systems can also benefit from a long optical absorp-
tion path length to achieve high quantum efficiency.””* On the other
hand, Artilux has collaborated with Taiwan Semiconductor
Manufacturing Company (TSMC) demonstrating Ge/Si lock-in
pixels for indirect ToF systems.””” In the lock-in pixel approach, the
noise is no longer limited by the dark current, but the ambient
optical background (sunlight or other laser source), thereby overcom-
ing the disadvantage of Ge/Si detectors in terms of dark current
compared to InGaAs. As discussed earlier, the performance of Ge/Si
APDs have already exceeded III-V in bandwidth-gain produce for
1310 nm light sources, and it has been investigated for LIDAR appli-
cations in recent years.””' The responsivity at 1550nm can be
enhanced via tensile-strain engineering or a few percent of Sn alloy-
ing. In fact, recently, the response of Ge/Si photodetectors in the
L-band has already caught up with InGaAs with tensile-strain
enhancement.'”” Overall, the development of Ge/Si photodetectors
for 2D or 3D imaging applications is in an early stage, lagging
behind their deployment in data communications. This could
become a promising area of growth in the near future.

d. OPA vs FPSA. As discussed earlier in Table 111, OPA%%?~>%*
and FPSA (also known as “lens-assisted beam steering
(LABS)”*”>*) are the two leading beam steering solutions for
FMCW systems. A major difference between the two is that the
former uses a wave optics approach for beam forming, while the
latter is more of a geometrical optics approach similar to the rever-
sal usage of a camera. As discussed at the end of Sec. III B 4, OPA
requires phase shifting induced by An, while FPSA/LABS only
requires intensity switching, which can synergistically utilize both
An and Ak changes. In both cases, all solid-state beam steering
(without moving parts) faces strong competition with integrated
MEMS-activated phase shifters for OPA and switches for
FPSA.>**”” Therefore, advancing high-performance EO/EA mate-
rials and device structures, as listed in Table III, are the key factors
to future success of all solid-state LIDAR systems. For example, the
demand of small beam divergence and large beam steering range of
on-chip LiDAR systems requires large arrays of closed-packed
optical antennas and corresponding phase shifter. This could dras-
tically increase the power consumption to the order of Watts****"
based on existing thermo-optical phase shifters. By comparison,
the power consumption of 25 600 (160 x 160) MEMS phase shifters
is only 69 uw (2.7 nW/component at 12V driving voltage).”””*"’
Replacing thermo-optical phase shifters with high EO coefficient
materials for OPAs, and with EAM switches for FPSA systems will
not only drop the potential power consumption well below 1 p]J/
(phase shifter or switch) but also achieve ultrafast 3D LiDAR
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imaging at tens of GHz,
respective modulators.

We also envision that FPSA will gain more momentum in
the next decade compared to OPAs in beam steering since
they are naturally 2D arrays for high scalability. The switching
is binary (“on” and “off”) similar to EAMs, which facilitates
optical calibration and electrical control. As mentioned earlier in
Sec. IIT B 4, ultrafast (tens of GHz), ultralow energy (fJ/switch)
can potentially be offered by EAMs utilizing both An and Ak to
enhance the extinction ratio. FPSA is also a great example trans-
ferring the concept of image sensor systems to Si PICs (in the
reversed direction of optical path). These two sides of “Si photon-
ics” can greatly support each other. This will be further discussed
in the outlook section next.

IV. OUTLOOK: POTENTIAL SYNERGY BETWEEN Si CIS
AND Si PICS

While Si CIS and Si PICs are independent of each other in
their origins and historical development, we envision future syner-
gies between these two powerful optical technologies on one Si
platform. In terms of integration density, Si CIS has already
achieved tens of millions of photodetectors (pixels) per chip, far
exceeding the level of photonic devices integration on Si PICs so
far. Therefore, it is instructive to borrow some concepts from CIS
to advance future developments of Si PICs. Some key concepts and
technologies from the two can benefit each other. In this outlook,
we only raise a few examples hoping to inspire more innovative
ideas from the readers in both communities.

A. From megapixel Si CIS to mega-transceiver Si PICs

Most of the Si PICs adopt waveguide-optical fiber edge cou-
pling schemes for photonic I/Os. However, this approach only uses
the peripheries of the chips, while the I/O density is limited by the
diameter of the optical fibers, typically with a core diameter
~10um and core-to-core spacing ~100um for single-mode fiber
ribbons.’*?> Therefore, all four edges can accommodate ~1000
optical fiber I/O at the most for a 1in. square microchip. While
WDM can increase the effective optical I/O density by multiplying
the wavelength channels, it also adds more complexity.

Considering that 3D memory stacking via TSV has greatly
expanded electronic interconnect capability, we may ask: can we
transfer similar ideas to optical I/O by utilizing the entire surface
area of Si PICs for ultrahigh capacity chip-to-memory and
chip-to-chip photonic data links?

Translating megapixel Si CIS to “megapixel”-transceivers on Si
PICs may provide a promising path toward this goal. Considering a
transceiver “pixel” footprint on the order of 20 x 20 um>, fitting a
mega-transceiver array on a microchip (a few cm?) is perfectly fea-
sible. Even if we only use a relatively low data rate of 1 Gb/s per
transceiver pixel, it will offer 1000 Tb/s capability, nearly two
orders higher than state-of-the-art optical I/O based on Si PICs
with edge coupling.”>””"® The data capacity is still remarkable even
if we leave a margin of 1 order of magnitude in either transceiver
density or data rate per transceiver pixel, which allows us to get a
balance between datalink capacity and power consumption.
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The SuMMIT electronic-photonic integration platform dis-
cussed earlier in Sec. II B 2 can be adapted to implement such
“megapixel” transceiver arrays, as schematically shown in Fig. 24.
Analogous to the architecture of BSI image sensors, in SuMMIT,
the PIC layer is inverted and bonded to the CMOS electronics layer
via TSV, enabling high-density optical I/O in the same way as high-
density imaging pixels. As mentioned earlier, SUMMIT also lever-
ages existing metal contact layers to enhance optical coupling effi-
ciency from/to grating couplers for 2D vertical optical coupling.
Alternatively, optical free-form couplers for high-density integrated
photonics (OFFCHIP) could also be applied in this case, which has
demonstrated broadband, low-loss vertical coupling 2D fiber
arrays.”>”"” In those demonstrations, the density of the free-form
coupler array was only limited by the size and spacing of single-
mode fibers. Since the free-form coupler design is based on geo-
metrical optics, it can be readily adapted to achieve 2D collimated
beams for the transceiver pixels in Fig. 24. For better isolation
between transceiver pixels to reduce crosstalks, a layer of micro-
lenses/metalenses could be also added between the two layers of
PICs in Fig. 24.

At a relatively low data rate <10 Gb/s per transceiver pixel,
one could even consider HI of VCSEL arrays on the SuMMIT plat-
form since the dynamic power consumption is low, of the order of
10 J/bit.”"* For higher data rate/pixel, surface-incident EAMs dis-
cussed earlier in Sec. III B 3 could be applied due to ultralow
power consumption down to a few fJ/bit. Another advantage is that
the same EAM structure can also be directly used as the photode-
tector on the receiver side. In the example in Fig. 24, each chip in a
SuMMIT tile layer (e.g., the one in the center of layer 2) directly
communicates with four chips in the other layer through vertically
overlapping quarters at ~250 Tb/s, based on previous estimation on
the transceiver pixel density and 1 Gb/s per transceiver.

The fundamental limiting factor for the scale of the trans-
ceiver pixels would be on-chip power density, rather than physical
I/O density. For example, at 10 f]/bit per transceiver, the power
consumption per chip would be 10W at 1Gb/s for a mega-
transceiver array. Further increasing the data rate is perfectly feasi-
ble, but it would also require a dramatic reduction in the energy/bit
for the transceivers, considering that the power density usually
cannot exceed 100 W/cm® for microchips (note that this is already
equivalent to 1000x solar power concentration).’"”

Each module shown in Fig. 24 can be considered a
computing-cluster accelerated by photonics (CAP). Note that the
edges of each CAP are still fully available for conventional optical
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FIG. 24. Schematics of “‘megapixel-
transceivers on Si PIC based on
SuMMIT architecture (see Fig. 6). Each
chip in a SUMMIT tile layer (e.g., the one
in the center of layer 2) directly communi-
cates with four chips in the other layer
through vertically overlapping quarters.
Each module in the figure can be consid-
ered a computing-cluster accelerated by
photonics (CAP), whose edges can be
coupled to fibers to communicate with
other CAPs.

fiber coupling to other CAPs. Therefore, they can be readily orga-
nized into a high-performance computing network. We envision that
lots of metadata are generated and communicated within each CAP
between the microprocessors and memories, such that the densely
pixelized photonic I/O can be fully utilized. Between the CAPs, the
main data transfer would be final computational results from each
subtask undertaken by each CAP; therefore, the total amount of data
would be much less than the metadata and can be handed efficiently
by edge photonic I/Os. This way, dataflow in the high-performance
computing network can be processed in an energy-efficient manner.

B. Transferring data from Si CIS high-speed cameras
using to mega-transceiver Si PICs

The progress of ultrafast, ultrahigh resolution imaging may
also lead to a synergy between Si CIS and Si PICs. Currently, Si
CIS/QIS chips have evolved to ~50 megapixels.”’"* To capture
and monitor ultrafast processes for different biomedical and indus-
trial applications (e.g., laser-assisted additive manufacturing), ultra-
fast imaging at ~100 Mfps is being investigated.””” If we want both
high-resolution and high-speed simultaneously, we are talking
about up to 5000 Tb/s data rate, which is currently the bottleneck
for continuous ultrafast imaging. Even though the development of
edge computing and in-sensor computing might be able to screen
the data and reduce this requirement by 2-3 orders of magnitude,
the required data rate is still of the order of Tb/s. Si PIC is the only
solution to address this issue. Therefore, if we replace a layer of
microprocessor or memory chips with those for ultrafast imaging
in Fig. 24, it would be the best solution to get the data off the
camera chip. We also note that the data rate offered by a transceiver
pixel on Si PIC (10-100 Gb/s) is usually much higher than that
from a CIS pixel (<1 Gb/s for hundreds of Mfps). Therefore, a
transceiver “pixel” in Fig. 24 can potentially transfer data from
multiple CIS pixels. This helps us to relieve some of the footprint
constraints on the transceiver side.

C. Si CIS as waveguide-coupled detectors for Si PIC
biosensors

Beyond imaging, low-cost megapixel arrays of Si CIS with
ultralow noise (e.g., ~0.2e” read noise and 0.1 e /s dark count rate
for Si QIS, as discussed earlier in Sec. III D) also offer a unique
opportunity to integrate with Si PICs for ultrahigh sensitivity
molecular sensing through waveguide-enhanced fluorescence and
Raman spectroscopy. Coupled with microfluid channels, they
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enhance near-field optical coupling with molecules captured on the
surface or within the slots of the waveguides, thereby greatly sup-
pressing the background noise from the bulk of the fluid.”*""* To
achieve single molecular detectivity, though, photodetectors with
high responsivity and low noise are needed. While Ge/Si photode-
tectors are the standard components in Si PICs for data communi-
cation, their dark current is too large for single molecule sensing. Si
CIS/QIS are much better choices since they not only offer photon
counting capability at room temperature but also an almost free
bank of detectors on the scale of millions, far exceeding the level of
integration of any Si PIC demonstrated so far for either communi-
cation or biosensing applications. Therefore, a promising solution
would be HI of molecular sensing Si PICs with Si CIS/QIS chips
via evanescent coupling. In this case, the waveguides carrying the
fluorescence or Raman signals on the Si PIC can meander on top
of Si CIS for evanescent coupling, utilizing all the pixels along the
optical path as low-noise photodetectors for ultrahigh sensitive
single-photon detection. Especially for relatively weak Raman
signals, such an approach not only uses the photon counting
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capability of each individual pixel but also hundreds or thousands
of them in series to capture any signal transmitted through the
waveguide. On-chip optical filters on Si PICs’'’ can be utilized to
filter out the pump laser and its sidebands, which has already been
utilized in microwave integrated photonics. If on-chip spectrometry
is available on the Si PIC,”'' different wavelengths can also be
coupled to different rows or columns of the Si CIS to generate a
full spectrum directly. In fact, Si CIS provides so many pixels that a
small fraction of them are already sufficient to detect all signals
from a given wavelength. Therefore, it can easily accommodate the
resolution scaling of the on-chip spectrometers.

Similarly, once IR absorbers such as GeSn are integrated on
Si CIS, they can also be readily applied for IR absorption spectro-
scopy. A Si CIS chip with both Si and IR absorber pixels would
potentially be able to measure fluorescence, Raman, and IR
absorption spectra simultaneously, thanks to the huge detector
bank provided by Si CIS platform, thereby achieving unprece-
dented capability in molecular sensing on a small Si PIC/CIS chip
module.
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FIG. 25. Roadmaps for (a) on-chip laser WPE; (b) photodetector bandwidth; (c) modulation data rate (per channel); and (d) modulator energy efficiency. The scattered
symbols represent existing experimental data. The dashed lines represent the projection of future development, as explained in the main text.
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V. ROADMAP OF ACTIVE PHOTONIC DEVICES

Based on the perspectives discussed in Secs. I-1V, in this
section, we will present a brief roadmap for some of the emerging
active Si photonics devices. The device performance roadmap in
Fig. 25 is forecasted by fitting the trend of development over the
past two decades. New photonic devices usually experience rapid
growth in the first decade or two, then eventually saturate due to
physical limitations of a given material system and the correspond-
ing working mechanisms. Depending on whether the initial stage
shows an exponential or linear growth behavior, the curve fitting
either uses a logistic function or a saturating exponential function
(i.e, similar to the ones describing charging/discharging capaci-
tors). For emerging active photonic devices that are still growing
rapidly, we project that they will largely mature and approach their
physical limits in two decades (ie., by 2045) based on previous
examples such as Si FCPD modulators and Ge/Si photodetectors.

Figure 25(a) shows the roadmap for on-chip laser WPE. As
discussed in Sec. III A, this is an important factor to further
improve the energy efficiency of photonic chips. Currently, InAs
QD lasers have routinely reached ~25% WPE at room tempera-
ture,”'” with excellent thermal stability to maintain >20% WPE up
to 85°C. Considering that 56% WPE has been demonstrated near
1300 nm wavelength for InAs QD lasers on GaAs,” the roadmap
projects an improvement to >35% WPE in the coming decade and
approaching 60% by 2045. For 300 mm wafer-scale QD laser inte-
gration, optimization of the pocket growth is projected to improve
the WPE beyond 30% by 2035.

Figure 25(b) shows a roadmap of high-speed photodetectors
for Si photonics. After an exponential growth between 2000 and
2010, the bandwidth of Ge/Si photodetectors reached 265 GHz by
2021, approaching its physical limit. Further enhancing tensile
strain beyond 0.5% using SiN, stressors'’” is a promising approach
to push the bandwidth toward 400 GHz in the next two decades.
On one hand, increasing tensile strain will further increase the
absorption coefficient of Ge in C and L bands, allowing for shorter
waveguide-coupled photodetectors to reach the same quantum effi-
ciency with lower capacitance and higher RC-limited bandwidth.
On the other hand, higher tensile-strain lifts the light-hole band
above the heavy-hole band such that the hole mobility is enhanced
to improve the transit-time limited bandwidth. We, therefore, envi-
sion another ~2x improvement in Ge/Si photodetector bandwidth
through strain engineering by 2045, i.e., reaching 400-500 GHz
regime. This projection also aligns with the 2024 Integrated
Photonics Systems Roadmap International (IPSR-I 2024) for Si
photonics’'® suggesting 300-400 GHz bandwidth for p-i-n photo-
diodes on Si PICs by 2040. While graphene photodetectors have
demonstrated >300 GHz bandwidth as a strong competitor,”'* the
lack of a bandgap in graphene also dramatically increases the dark
current. Therefore, we are not yet incorporating them into the pho-
todetector roadmap for Si PICs.

Figures 25(c) and 25(d) show the modulator roadmaps in
terms of modulation data rate (per channel) and energy efficiency.
While conventional Si FCPD modulators are reaching a saturation
in bandwidth/data rate in the 2020s, strain engineering discussed in
Sec. III B 1 b coupled with the slow light effect’'” can potentially
further boost the performance toward 200 Gb/s. Notably, GeSi
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EAMs demonstrated an exponential increase in data rate and decrease
in power consumption over the past decade, representing the most
promising intensity modulation mechanism on Si platform. LEO
modulators based on TFLN and BTO also achieved rapid progress in
bandwidth in the past decade. FK/QCSE EAMs as well as LEO modu-
lators are based on field effects with sub-ps intrinsic response time, yet
power-efficient high-speed electronics for modulator drivers to reach
Tb/s still constitutes a big challenge. While we noted a very recent
demonstration of >1 THz bandwidth plasmonic EO modulators by
feeding THz sinusoidal waves generated from external sources into the
device (similar to microwave photonics),”’® THz sinusoidal wave
generators are very different from modulator drivers for photonic
datalinks at >1Tb/s data rate. We, therefore, set an upper limit of
900 Gb/s by 2045 for EAMs and LEO modulators, limited by electron-
ics rather than photonics. The corresponding projection in Fig. 25(c)
is also largely consistent with the projection of IPSR-I 2024 for Si pho-
tonics,”"” ie., >800 Gbaud symbol rate by 2040. In terms of energy
efficiency in Fig. 25(d), GeSi FK EAMs have already demonstrated
low-power consumption on the order of 10 f]/bit. Further development
will push the energy efficiency toward 1 {J/bit in the coming decade.
With enhanced electro-absorption effect in QCSE, sub 1 f{J/bit is
expected for high-bandwidth QCSE EAMs within a decade or so. For
LEO modulators, the power consumption is expected to drop by one
order or magnitude from ~100 f]/bit of current devices to ~10 f]/bit in
the next decade with new material and processing development.

Another note is that the phase modulation efficiency V- L is
evolving faster than the prediction of IPSR-I 2024. The goal of
0.05V cm for 2030 has already been reached by GeSi QCSE phase
modulators (V- L = 0.036 V.cm)”” and plasmonic BTO modula-
tors (Vy-L =0.014 Vcm)."”” Therefore, we expect 5-10 years
ahead of the goals of IPSR-I 2024 for phase modulation efficiency,
i.e., achieving V; - L < 0.01 V cm by 2030-2035 instead of 2040.

Last but not least, scalability, yield, and uniformity are impor-
tant factors for Si photonics, especially for the emerging active pho-
tonic materials and devices. With the development of photonic
foundries (AIM Photonics, IMEC, etc.), key active photonic devices
such as Si FCPD modulators and Ge/Si photodetectors are now
successfully scaled to 300 mm wafers with high yield and unifor-
mity for routine MPW runs.'®'” We note that these developments
for full integration onto 300 mm Si/SOI platform took approxi-
mately 15 years to implement from the first lab demonstration.
Emerging devices discussed in this Perspective, such as InAs QD
lasers and GeSn photonic devices, are also being demonstrated on
300 mm Si platform in recent years."'™’'” Based on the historical
development of photonic integration, we expect that they will
become mature to a similar level of yield and uniformity as Si mod-
ulators and Ge photodetectors nowadays by 2040.

VI. CONCLUSIONS

In conclusion, this paper has discussed recent progress and
shared perspectives on future development of active photonic
devices on Si PICs, from emerging materials to integration
schemes, for data communications and optical sensing applications.
We also explored synergies between Si PIC and Si CIS platforms
that could mutually benefit each other and provided a roadmap for
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future development of major active photonic devices based on the
trend of development over the past two decades.

For emerging active photonic materials on Si PICs, we intro-
duced very recent discoveries of atomic SRO engineering in the
SiGeSn system in Sec. II A, potentially offering a new degree of
freedom for band engineering beyond composition and strain.
Interestingly, in the SiGeSn system, what matters to a great extent
is not only the average Sn composition but also the distribution of
Sn atoms in terms of their atomic neighboring environment.
Engineering atomic ordering in SiGeSn potentially offers full-
spectral coverage from SWIR to LWIR with a minimal bandgap of
several meV at a low average Sn composition <10 at.%. It also
enables a variety of lattice-matched, iso-compositional SiGeSn
Type-I and Type-II QWs for high-performance MWIR lasers and
photodetectors on Si platform for a variety of sensing/imaging
applications. We envision that future development in SRO engi-
neering will greatly enrich and enhance the functionalities of
SiGeSn active IR photonic devices for Si PICs.

BEOL processing toward 3D Si PICs is at the frontier of
research for new integration schemes. Such capability will not only
enable large-scale integration of many high-performance active
photonic materials (e.g., LN, BTO, PCMs, magneto-optical materi-
als, etc.) but also boost the density and functionality of Si PICs.
Under BEOL HI schemes discussed in Sec. II B 1, emerging
“grafted” III-V/tunneling oxide/Si heterojunctions exhibit almost
ideal I-V, potentially offering the best of both III-V and Si for
high-performance photonic devices (e.g., grafted III-V/Si APDs)
without lattice-mismatch issues. Furthermore, analogous to the
concept of BSI Si CIS, SUMMIT architecture inverts the photonic
layer and exposes the active photonic device regions on the surface
for facile BEOL integration of novel photonic materials, such as
BTO, garnets, PCM, and SiGeSn, leveraging local heating capability
provided by standard Si PICs for local processing without affecting
the metal contacts in the surrounding area. For monolithic BEOL
integration, recent progress in low-temperature epitaxy of Ge/Si
photodetectors and direct crystallization of GeSn on Si are both
promising to reach the performance of their FEOL processed coun-
terparts, facilitating 3D photonic integration.

We then discussed emerging trends of active photonic devices
on Si PICs. For laser sources, we envision two competitive paths:
(1) a high-performance off-chip laser efficiently generating an
on-chip frequency comb and (2) high-performance QD/QDash
on-chip lasers. Both paths have achieved dramatic progress in
recent years. For some applications such as wearable photonic
chips for biosensing, though, on-chip lasers sources are ideal.
III-V/Si QD lasers in O-band have reached 300 mm wafer-scale
integration, while the pocket growth approach could be further
optimized to improve the material quality and device performance.
Recent progress in MOCVD growth of QDs and QDashs also
potentially enables a single growth process (without transferring to
MBE for QD growths) to enhance the throughput and extend the
emission wavelengths to C and L bands. GaSb-based SWIR lasers
on Si have also been developing rapidly. Defect-insensitive device
designs such as ICLs have demonstrated promising efficiency and
service lifetime, which could potentially be transferred to SiGeSn
SWIR laser structures to address the lattice mismatch challenges.
For Group IV lasers, recent SiGeSn/GeSn heterojunction laser
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diodes have already demonstrated lower threshold current densities
than early homojunction III-V lasers up to 140 K, indicating suffi-
cient directness in bandgap. The remaining challenge of carrier
confinement can potentially be addressed by the lattice-matched
SRO QWs discussed earlier, enabling room-temperature and higher
temperature operation. In terms of band-engineered Ge, we envision
that nanoscale local stressors and/or “strain dopants” will be much
more effective than straining the entire device structure, potentially
leading to “strain-induced QDs” as efficient gain media on Si.
Another emerging technology is leveraging direct gap hexagonal
SiGe, which could potentially be scaled up by deliberately engineer-
ing stacking faults (local hexagonal structured regimes) in (Si)Ge het-
eroepitaxy via nanoscale selective area growth or ART growth.

For photonic modulators on Si PICs, we envision that strained
Si, as already has been widely used in CMOS transistors, could
also potentially boost the energy efficiency and bandwidth by ~2x
compared to current Si FCPD modulators, thereby continue domi-
nating Si PICs in the near future due to its maturity and facile fab-
rication process. For ultralow power and ultrahigh bandwidth
intensity modulation in data communications, GeSi EAMs, espe-
cially those synergistically utilizing both An and Ak, are the most
promising candidates for the next generation. They have also
entered the PDK of some Si PIC foundries such as IMEC. Shifting
from Si FCPD to high-performance LEO platforms, such as TFLN
and BTO, is necessary for microwave Si PICs due to the require-
ment of high linearity and low loss. For LiDAR applications, we
envision that GeSi EAMs and ferroelectric oxide modulators could,
respectively, boost the performance of optical switches in FPSA
and phase shifters in OPA systems by orders of magnitude in terms
of speed and energy efficiency.

For photodetectors and image sensors, we believe that the
existing waveguide-integrated Ge/Si photodetector platform already
addresses most of the needs of Si PICs. Remaining challenges in
high-power, high-speed TWPDs or UTCs for microwave photonics
applications can potentially be addressed by splitting the input
power into a dense array of Ge/Si photodetectors, utilizing their
advantages in large-scale integration. Techniques such as lock-in
pixels can be utilized in ToF LiDAR camera applications to greatly
alleviate the dark current challenge of Ge/Si compared to InGaAs
photodetectors. We envision that Ge/Si photodetectors for 2D or
3D imaging could become a promising area of growth in the near
future. On the other hand, realistic applications of Ge/Si photode-
tectors in photon counting could still be challenging, which might
be better implemented using grafted III-V/Si APDs instead, as dis-
cussed earlier. For GeSn SWIR and MWIR detectors, materials
quality due to lattice mismatch and thermal stability is the biggest
hurdle. In the SWIR regime, this can be addressed by waveguide
integration for PICs or photon management for image sensors
using existing SiGeSn growth methods. In the MWIR regime, SRO
engineering will help us to address this issue through maximal
spectral extension with the minimal amount of Sn alloying and,
therefore, the minimal lattice mismatch. We also show promising
progress in integrating x-ray photon energy attenuation layers and
GeSn IR absorbers on standard Si CIS using BEOL processing,
opening a path toward wide spectral extension based on “CMOS
+X” image sensors by riding on the wings of Si CIS as the highest
volume commercial photonics product based on Si so far.
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Last but not least, we present a brief outlook on the future
synergy between Si PICs and Si CIS toward ultrahigh capacity
optical I/O, ultrafast imaging systems, and on-chip molecular
sensing applications. We envision that exchanges between these
two Si photonics communities will potentially lead to new ground-
breaking ideas and applications in the future. We also provide a
roadmap for future development of major active photonic devices
based on the trend of development over the past two decades, high-
lighting the projected progress of emerging technologies.
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