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Materials for ultra‑efficient, high‑speed 
optoelectronics
Galan Moody*  and M. Saif Islam,* Guest Editors

High-speed optoelectronics is central to many important developments in the communication, 
computing, sensing, imaging, and autonomous vehicle industries. With a sharp rise of 
attention on energy efficiency, researchers have proposed and demonstrated innovative 
materials, high-speed devices, and components integrated on a single platform that exhibit 
ultralow power consumption and ultrawide bandwidth. Recently reported material growth and 
device fabrication techniques offer the potential for high-density integration of optoelectronics 
close to the capability and cost of conventional electronics. A tremendous synergy can be 
attained by integrating multiple materials with superior properties on the same chip using 
heterogeneous integration, heteroepitaxy, nano-heteroepitaxy, and other co-packaging 
strategies within the complementary metal oxide semiconductor (CMOS) ecosystem. This 
issue of MRS Bulletin offers an overview of the field and covers the latest developments on 
various ultraefficient materials, high-speed devices, their physical properties, current trends, 
and future directions in optoelectronics and their integration on a silicon platform.

Introduction
The communication and computing industries have been the 
primary driving forces behind the extraordinary progress 
in high-speed optoelectronics that contributed to an age of 
information explosion over the past several decades. Enabling 
sustainable growth of our ever-expanding data processing and 
communication systems relies on low-cost optical networks at 
all levels to transport high-speed data with high energy effi-
ciency. Scientific breakthroughs have recently brought tre-
mendous momentum and an outbreak of interest in materials 
for ultraefficient and high-speed optoelectronic materials and 
devices for data processing and transport that form two key 
pillars of modern computing systems.1

Immense progress has been made in developing high-index 
contrast waveguides, photonic crystals, plasmonic structures, 
nano-heteroepitaxy, and heterogeneous integration of multi-
ple materials. Extremely sharp curves, bends, sophisticated 
splitters, and (de)-multiplexers have also been demonstrated, 
allowing miniaturization and a high level of device integration. 
Different materials have been explored, ranging from two-
dimensional (2D)  materials2 and topological  insulators3,4 to 
semiconductors on various substrates for passive and active 
photonic devices used in telecom, datacom, sensing, light 
detection and ranging (LIDAR), on-chip and chip-to-chip 

interconnects, spectrometers, and other applications, as illus-
trated in Figure 1. After several decades of research, many 
of the materials for ultraefficient, high-speed optoelectronics 
have transitioned from fundamental research and development 
toward deployable and commercially available technologies.5

The primary motivation for exploring applications of opto-
electronics in enhancing the performance of electronic logic, 
microprocessors, and memory is to continue the exponential 
progress that the industry has been making for more than two 
decades. High-speed data processing and transport form two 
key pillars of modern computing systems. The current trend 
of using multicore processors is providing a temporary respite  
from the stagnation of microprocessor clock frequencies.6 
Still, it has created daunting challenges to programma-
bility and ultimately drives today’s system architectures 
toward extreme levels of unbalanced communication-to- 
computation ratios.7 Limited internal heat removal capabilities,  
compounded with a huge deficit in chip input/output (I/O) 
bandwidth due to insufficient I/O interconnect density, have 
stalled the high-performance gains. The excessive access 
time of a microprocessor for communication with the off-chip  
main memory is among the major hurdles holding back ultra-
fast computing.8 Ultrafast optoelectronics offers a disruptive 
technology solution that can enhance the performance of 

© The Author(s) 2022 

doi:10.1557/s43577-022-00337-y

Galan Moody , Electrical and Computer Engineering Department, University of California, Santa Barbara, Santa Barbara, USA; moody@ucsb.edu
M. Saif Islam, Electrical and Computer Engineering Department, University of California, Davis, Davis, USA; sislam@ucdavis.edu
*Corresponding author

http://orcid.org/0000-0002-6265-2034
http://crossmark.crossref.org/dialog/?doi=10.1557/s43577-022-00337-y&domain=pdf


MatEriaLs fOr ULtra‑EfficiEnt, high‑spEEd OptOELEctrOnics

476        MRS BULLETIN • VOLUME 47 • May 2022 • mrs.org/bulletin

communications and computation, contributing to the funda-
mental transformation in the field of computer architecture. 
Combined with photonics, optoelectronics enables ultrahigh 
throughput, minimal access latencies, and low power dissipa-
tion that mostly remain independent of device bandwidth and 
propagation distance.9

While, for a distance exceeding a few millimeters, energy 
efficiency for electrical signaling is typically ~5 pJ/bit (equiva-
lent to ~5 mW/Gb/s),10 photonic communication links based on 
optoelectronics have shown the ability to operate at 100 fJ/bit 
with the potential to reduce the cost to the level of 10 fJ/bit. The 
application of photonics offers the prospect of increasing the 
DRAM bandwidth by a factor of 100 on each pin—a revolution-
ary leap for computing systems. The unique capability of pho-
tons for multiwavelength photonic interconnects in the DRAM 
input/output can continue the scalability that the semiconductor 
industry has been accustomed to in the last few decades, pre-
scribed by Moore’s Law. The emergence of multicore architec-
tures and the ever-increasing demand for information processing 
naturally make room for optoelectronics in the field of intrachip 
and interchip communications.11 This issue with three invited 
papers highlights some of the essential topics in ultraefficient, 
high-speed optoelectronics materials. Several renowned theo-
rists and experimentalists with an in-depth understanding of the 
state of the art summarize advanced research on active materials 
for ultraefficient and high-speed optoelectronics.

Improving efficiency and speed
Conventional high-speed optoelectronics platforms are built 
upon two dominant material systems: (1) silicon photonics and 
(2) indium phosphide (InP)-based integrated photonics. Techno-
logical overlap with the heavily developed semiconductor indus-
try, scalability up to 300-mm wafers, and seamless monolithic 
integration with high-speed electronics make silicon more attrac-
tive as a platform; however, InP-based systems can operate at a 
very high speed due to the inherent high charge-carrier mobility 
of the materials. Figure 2a illustrates some of the versatile func-
tions that can be achieved on a photonic chip, including sources 
such as lasers, LEDs, optical modulators, and photodetectors, 
with more than  105 components now able to be integrated onto a 
single photonic-integrated circuit (PIC), as shown in Figure 2b.12

Early silicon photonic systems were based on hybrid integra-
tion and co-packaged devices and components to enable ultrafast 
optical communication channels that eliminate the high loss of 
electrical channels in computation, storage, and application-spe-
cific integrated circuits (ASICs). Over time, the data processing 
rates further improved using waveguide-connected photonic 
devices that were monolithically integrated and interconnected 
on the silicon platform. Additionally, heterogeneously integrated 
III–V materials helped implement on-chip light sources such as 
lasers and optical amplifiers.

Recent trends in the semiconductor community have also 
focused on monolithic integration of multiple materials through 
heteroepitaxy for maximizing the performance of ultrafast inte-
grated optoelectronics;13 however, incompatibility of different 

material systems has been the main barrier in the large-scale 
integration of electronics and photonics. Heteroepitaxially grown 
optically active high-mobility materials such as III–V and II–VI 
semiconductors integrated with the mainstream silicon technol-
ogy can enable power-efficient, low-cost, and highly integrated 
ultrafast devices due to their high carrier mobilities and large 
optical absorption coefficients. This can open new opportunities 
for a wide variety of applications including intrachip, interchip, 
and free-space communications. Figure 3 presents two widely 
used material platforms for high-performance monolithically 
integrated optoelectronic systems on silicon. Figure 3a–b illus-
trates heterogeneous integration of III–V wafer via bonding on 
silicon-on-insulator (SOI),14,15 and Figure 3c–d shows epitaxial 
growth of III–V and similar optically active materials on silicon 
as thin films and nanostructures.16,17

The capabilities of generating, controlling, and detecting 
photons by heteroepitaxially grown direct bandgap materials 
on a silicon substrate, which is known for its low efficiency 
in electron-to-photon conversion, can bring about myriad 
transformative opportunities that will impact a large sector 
of industry.18 Despite significant progress, growing materials 
on mismatched substrates, subsequent device fabrication, and 
system integration still face substantial engineering challenges 
and require more investigation to improve the cost–perfor-
mance ratio. Researchers are still experiencing many chal-
lenges and limitations faced by the epitaxial lift-off and wafer 
bonding technologies: (1) Low-cost mass-manufacturable 
material growth and integration of various materials and 
devices on a single substrate. Misfit strain, threading disloca-
tions, and thermal cracks are among the significant issues. (2) 
CMOS process integration with multiple dissimilar materials. 
Extreme physical conditions such as high temperature used 
in some CMOS processes are major contributors to process 
incompatibilities. (3) Significantly smaller substrate size for 
most optically active III–V materials. (4) Material issues such 
as the interface defects, vacancies, and traps in heteroepitaxy 
of lattice-mismatched materials and the resulting inconsistent 
device performance and inadequate reliability.

In principle, the aforementioned challenges can be cir-
cumvented by nano-heteroepitaxy that allows nanostructures 
of III–V materials with considerable lattice mismatch to be 
heteroepitaxially grown on Si. A small cross section of nano-
structures enables rapid relief of effective strain energy dur-
ing the growth process. Misfit dislocations limit the quality of 
lattice-mismatched heterojunctions in the case of planar thin-
film growth. However, 0D nanostructures such as quantum 
dots or 1D nanostructures such as nanowires can be grown on 
highly lattice-mismatched substrates and still can release the 
mismatch strain because of inherent nanoscale geometries.19 
In recent years, research groups have successfully demon-
strated lasers, photodetectors, waveguides, and plasmonic 
devices using group III–V nano-heteroepitaxy by directly 
growing nanowires or transfer printing them on  silicon20–22 to 
facilitate faster transmission speed, larger transmission capac-
ity, and low power consumption. Theoretical foundations on 
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both heteroepitaxy and nano-heteroepitaxy have been laid, 
and numerous experiments have been performed, plac-
ing these approaches on a sound footing.

Currently, the data traffic within and between data 
centers accounts for more than 85% of all global data 
communication.23 Directly modulated multimode verti-
cal-cavity surface-emitting laser (VCSEL) interconnects 
are most commonly used in computing and data com-
munication due to their simplicity, low cost, and energy 
efficiency;24 however, external modulation techniques are 
becoming more attractive because of higher bandwidth 
and longer transmission distance. For example, ultrafast 
(data rate of  >100 Gb/s) silicon Mach–Zehnder (MZ) 
modulators with high reliability and low sensitivity to 
temperature and wavelength have been demonstrated.25 
Similarly, high-Q silicon photonics microring modula-
tors with integrated resonant cavities and slow-wave 
photonics crystal cavity-integrated modulators, and 
III–V material-based modulators on silicon have been 
developed. Many data center applications are designed 
using surface illuminated photodiodes. Recently, there 
has been encouraging progress in designing ultrafast pho-
todiodes using silicon, which has inherently very low 
photon absorption in the near-infrared wavelength range. 
By designing and integrating an array of periodic photon-
trapping structures in thin crystalline silicon films, nor-
mally incident beams of light are bent by almost 90º into 
laterally propagating modes of light along the plane of 
the film.26,27 Such surface structures effectively increase 
the propagation length of light, contributing to more than 
20-fold improvement in the light absorption coefficients. 
This results in a broadband efficiency of  >85% with 
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Figure 1.  R&D of materials for ultraefficient, high-speed optoelec-
tronics has been driven by a wide range of applications, from data 
centers and telecommunications to imaging, sensing, and spectros-
copy. Key optoelectronic technologies enabling such applications 
include tunable lasers and light-emitting diodes (LEDs), modulators, 
photodetectors, interconnects, and electronic-photonic co-pack-
aging. Top-left: credit Brian Long, UCSB. Top: Mario Miscuglio and 
Rubab Amin, GWU, Phys.Org. Top-Right: Moody et al.50 Bottom-Left: 
Fathololoumi et al.69 Bottom-Right: © 2009 Jeffrey Tseng @ InTouch-
Studios.com. Bottom: Zhou et al.66
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Figure 2.  (a) Versatile functions can be achieved by combining active optoelectronic components, such as light sources, modu-
lators, and photodetectors, with passive networks in a photonic-integrated circuit (PIC). (b) In the few decades, we have wit-
nessed tremendous growth in the number of components integrated onto a single PIC, with more than  105 currently possible with 
monolithic silicon and nearly  104 with heterogeneous photonics. (b) Adapted from Margalit et al.29 LEDs, light-emitting diodes.
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ultrafast response in photodiodes. The photon-trapping struc-
tures in silicon enhance the photon density of states (DOS) 
while substantially reducing the optical group velocity of light 
compared to their counterpart without such structures. This is 
the reason behind significantly improved light–matter interac-
tions and very high efficiencies in photodiodes that can offer 
ultrafast response above 100 Gbps.

Photonic interconnects provide the connectivity necessary 
for scaling electronic systems that are currently experiencing 
steady growth in transistor counts. Future applications that 
will demand computing systems based on numerous nodes 
will require new architectures with optoelectronic links for 
reduced cost, complexity, and power efficiency. Monolithic 
integration of ultrafast photonics with high-performance sili-
con electronics promises to eliminate expensive, complex, and 
power-intensive electrical links, opening doors to a continued 
upsurge in interconnect bandwidth.

Material platforms and devices
The exponential growth in demand for high data  capacity28 has 
spurred innovations in telecommunications, computing, storage, 
networking, sensing, imaging, and metrology. These applica-
tions are a driving factor in the development of optoelectronic 
platforms with ultralow system-level power consumption and 
ultrawide bandwidth. The integration of electronics with pas-
sive and active photonics—enabled by the mature processing 
capabilities of the silicon CMOS ecosystem—has been essential 
for increasing the speed and total bandwidth, with capacities 
approaching >1 Tbps possible through multiplexing. This scal-
ability is the true advantage of silicon photonics and optoelec-
tronics, especially when considering co-packaging with other 
ASICs for computation, memory, and networking. At present, 
silicon photonic PICs are capable of  >1 Tbps communications 
with nearly pJ/bit energy consumption.29

Traditional silicon PICs face challenges in efficiently gen-
erating, modulating, and detecting light—pointing to the need 
for heterogeneous integration. Beyond silicon, many other 

material platforms are being developed in pursuit of sub-pJ to 
sub-fJ energy requirements without sacrificing bandwidth, as 
illustrated in Figure 4. These approaches are often developed 
with sights set on eventual hybrid or hetero-integration with 
silicon photonics and co-packaged electronics. In the subsec-
tions below, we discuss a few of the key technological areas 
in which advanced materials are being developed to overcome 
the bottleneck silicon faces due to a lack of efficient active 
components like tunable lasers and low-noise detectors.

Ultralow power, high‑speed interconnects
The two primary optical components of an interconnect are 
a laser and a modulator. As data rates continue to increase 
from 100 Gbps to beyond 10 Tbps, the integration of elec-
tronics with photonic interconnects is essential to reduce the 
total system power consumption and the device capacitance 
to achieve faster data rates. In the last few years, the evolution 
of energy efficiency and bandwidth has resulted in >1 Tbps 
data rates with <10 pJ/bit with silicon CMOS technologies, 
as illustrated in Figure 5. With targeted energy requirements 
pushing toward fJ/bit, we are seeing the transition from modu-
lar components to fully integrated semiconductor PICs that 
combine on-chip lasers with high-speed modulators.

Because silicon is an indirect bandgap material, it is unsuit-
able for achieving efficient gain for lasers. Thus, silicon PICs 
today mostly use separate lasers based on III–V chips fiber 
coupled to a silicon PIC, which avoids challenges associated 
with heterogeneous integration of non-lattice-matched materi-
als as well as combining the III–V and silicon processing. A 
hybrid approach utilizes a III–V semiconductor end-coupled 
directly adjacent to a silicon PIC chip, which has enabled laser 
stabilization through self-injection locking of an InP/Si laser to 
silicon nitride  microresonators30 and frequency comb genera-
tion from a high-quality-factor silicon nitride microresonator 
enabling hertz-linewidth lasing that could boost the rates of 
coherent optical communications and impact the performance 
of optical sensing and signal generation.31
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Figure 3.  (a) III–V-on-silicon hybrid integration technology. First, epitaxial device layers are grown on the III–V wafers. Then they 
are bonded to the processed silicon-on-insulator (SOI) wafers by molecular or benzocyclobutene bonding. These bonded III–V 
wafers are thinned using wet etching to leave the epitaxial device layers on the SOI wafers. Laser dicing is used to get smaller 
wafers that are then processed in III–V foundries. (b) Photograph of processed 150-mm-diameter bonded wafer showing individual 
device die. IR image of 150 mm III–V-on-silicon bonded wafer with complementary metal oxide semiconductor devices. (c) Scan-
ning electron microscopy micrograph of a 300-nm-thick coalesced GaAs film grown on a patterned silicon substrate. The GaAs 
film is flat on the surface. (d) Self-limiting patterned growth of Ge epitaxial crystals in the form of towers on deeply patterned Si 
substrates. (a) Reproduced with permission from Carrara et al.;14 (b) reproduced with permission from Liang et al.;15 (c) reproduced 
with permission from Li et al.;16 and (d) reproduced with permission from Falub et al.17
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A more nascent approach, the concept of topology has 
been extended from condensed-matter science into photon-
ics, giving rise to topological insulator lasing (TIL) using 
topologically protected modes that provide stability even 
in the presence of scattering and defects.32 The topological 
properties give rise to single-mode lasing, robustness to fab-
rication imperfections, and higher slope efficiencies compared 
to topologically trivial analogs. The first room-temperature, 
non-magnetic, and electrically pumped TIL operating in the 
telecommunications band was demonstrated in 2021, which 
is based on an epitaxially grown InGaAsP/InP heterostruc-
ture patterned into a 10 × 10 network of microring cavities. 
Although TIL technology is not as mature as traditional semi-
conductor lasers, this advance opens up exciting prospects for 
encoding information in additional degrees of freedom, such 
as orbital angular momentum.33

In comparison to fiber or end coupling, which introduces 
loss at each interface, the direct integration of such lasers with 
silicon photonics and electronics can further improve the effi-
ciency and bandwidth. Several gain media have been explored 
for heterogeneous integration with silicon. Germanium lasers 
have been demonstrated, which are quasi-lattice-matched with 
silicon, but their efficiency has not been practical for most 
applications.34 III–V materials (e.g., InP, GaAs), which have 
a direct bandgap, have seen tremendous progress in recent 
years.35 Although their integration with silicon is challenging, 
especially due to coupling from the III–V layer to the silicon 
layer, their promise is exemplified by their potential for scal-
ability. The most common approaches are hybrid integration 
where the III–V laser is flip-chip bonded to the silicon chip, or 

heterogeneous integration, where the III–V material is directly 
bonded on silicon waveguides and then post-processed. Het-
erogeneous integration is compatible with the 300-mm CMOS 
process and, thus, may be more appealing in terms of scalability, 
as evidenced by Intel’s implementation of this technology.36

Whether the lasers are fiber, hybrid, or heterogeneous cou-
pled to the PICs, the other critical element of photonic inter-
connects is the optical modulator. Numerous technologies 
from a wide range of materials have been developed to pro-
vide high-speed modulation. The most common approach is 
based on the Mach–Zehnder interferometer (MZI), which can 
convert microwave frequency electrical signals to intensity 
modulations of an injected single-frequency laser line.37 Cur-
rent silicon-based MZIs typically exhibit 25 Gbps bandwidths, 
which can be scaled toward Tbps through multiplexing. Arrays 
of microring resonators have also been developed, where each 
ring can modulate separate frequency channels, which provides 
lower power consumption while retaining high bandwidth with 
proposed performance approaching 1 Tbps with an energy con-
sumption of less than 20 fJ/bit.38 Whereas MZI modulators are 
less sensitive to temperature fluctuations, ring modulators offer 
better prospects in terms of footprint and scalability.

Extending the bandwidth and energy efficiency is possible 
through heterogeneous integration with III–V materials, such 
as (Al)GaAs and In(Ga)P39 and lithium niobate.40 The arti-
cle by Demkov and  Posadas41 highlights the recent progress 
in integrating oxide-based materials, including  LiNbO3 and 
 BaTiO3, with silicon photonics to create linear electro-optic 
modulators. In both  LiNbO3 and  BaTiO3, the largest compo-
nents of the Pockels tensor are 36 and 1300 pm/V, respectively, 

which is larger than most other 
materials. When combined with low 
waveguide propagation loss [<1 dB/
cm] and small separation between 
the modulator electrodes, a modu-
lation efficiency of  VπL < 1 V cm 
is attainable. Thin-film  LiNbO3 on 
silicon-on-insulator waveguides 
has enabled >100 Gbps data rates, 
which could lay the groundwork 
for high-speed communications, 
networks, and novel optical com-
puting paradigms in the near future.

Pushing photodetection 
to the fundamental limit
Decades of research have been 
dedicated to the development of 
photodetectors with large band-
width, high efficiency, and low 
noise for optical communications, 
imaging, sensing, and other appli-
cations requiring high-speed opto-
electronics. Advances in detec-
tor materials and technologies 
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have been driven primarily by the rapid improvements in 
optical communications and optical interconnect band-
width exceeding 100 Gbps. As Bienfang et al.42 discuss, 
single-photon detector technologies, such as single-photon  
avalanche diodes (SPADs) and superconducting nanowire  
single-photon detectors (SNSPDs), are pushing the bound-
aries of photodetection sensitivity, leading to near-ideal 
energy efficiency. The ability of SPADs and SNSPDs to 
detect individual photons has created new opportunities 
for optical communications, including quantum key dis-
tribution that leverages the laws of quantum mechanics to 
ensure information security. Quantum communications have 
evolved from a burgeoning field to become a multibillion-
dollar  industry43—in part enabled by advances in SPAD 
and SNSPD technologies. In addition to communications, 
single-photon detectors also enable optical detection in 
photon-starved environments, such as remote sensing for 
characterizing gas concentrations and aerosols as well as 
long-distance LIDAR with sub-centimeter resolution.44,45

SPADs and SNSPDs can be fabricated using a wide 
range of materials, although specific choices can dramati-
cally impact the device performance. For SPADs, which are 
avalanche diodes that operate above the breakdown voltage 
to produce an electrical pulse for each detector photon (ide-
ally), material defects that introduce mid-bandgap states can 
introduce various noise processes. For example, deep-level 
charge-carrier traps can become filled during an avalanche 
process, and then release charge carriers at a later time, result-
ing in after-pulsing in the detector, which lengthens the recov-
ery time for the SPAD to detect another photon. As a result, 
commercially available SPADs are typically fabricated with 
high-quality silicon for visible to near-infrared (NIR) detection 
and InGaAs/InP for NIR to telecommunications wavelengths. 

Because of the larger bandgap of silicon, the dark count rates 
are typically much lower than InGaAs. The detector circuitry 
can also be designed to actively quench and reset the detector 
to suppress after-pulsing and improve the noise performance. 
CMOS-compatible SPADs with integrated circuitry to reduce 
the capacitance, for example, have enabled sub-nanosecond 
recovery times leading to gigahertz count rates.46

SPADs offer an advantage in terms of size, weight, power, 
and cost over SNSPDs, but when considering other impor-
tant performance metrics, including efficiency, noise, count 
rates, and timing jitter, SNSPDs outperform SPADs in all 
cases.47 SNSPDs can be fabricated from a variety of thin-
film superconducting materials, including Nb(Ti)N, WSi, and 
MoSi. Typically, films <10-nm thick are grown and patterned 
into meandering, hairpin, or straight nanowires with widths 
<100 nm, resulting in critical temperatures ranging from ~2 K 
to 15 K. SNSPDs are inherently sensitive photodetectors, since 
an incident photon has an abundant amount of energy to trig-
ger a detection event. High overall detection efficiencies across 
a wide spectrum, typically above 85% and reaching as high 
as 98%,48 are possible by embedding the detectors in an opti-
cal cavity mode matched to an optical fiber. NbN SNSPDs 
have been developed with a short wire length and low kinetic 
inductance, resulting in <3-ps timing jitter (at the expense of 
total detection efficiency due to a reduced overlap with the 
optical mode from a fiber).49 Meandered SNSPDs are typically 
coupled to optical fiber to improve the efficiency, but at the 
expense of timing jitter. Still, sub-10-ps timing jitter is pos-
sible for these structures, which also depends on whether the 
detector material is amorphous or nanocrystalline.

Because of the sensitivity of single-photon detectors, their 
integration with photonic circuitry is appealing for improving 
signal to noise and power consumption for on-chip photodetec-
tion. For example, SNSPDs have been integrated on various 
photonic waveguide platforms, including silicon, (Al)GaAs, 
aluminum nitride, tantalum, and lithium niobate.50 The chal-
lenge is to maintain high detector efficiency on chip when using 
short nanowires to reduce the kinetic inductance. One way to 
address this is to integrate detectors with a photonic crystal cav-
ity, although it still remains a challenge to simultaneously opti-
mize all performance metrics. Still, near-unity internal quan-
tum efficiency and ultralow dark counts (millihertz rates) are 
routinely achieved with sub-100-ps jitter. Photonic integration 
of SPADs has also seen remarkable progress in recent years, 
although the fabrication and growth are more challenging 
compared to SNSPDs. Nonetheless, selective epitaxial growth 
of germanium on silicon, for example, has resulted in ~40% 
detection efficiencies in the telecom O-band, although simul-
taneously maintaining a low dark count rate is challenging.

Ultrathin and ultracompact devices
Although PICs significantly reduce the size, weight, and 
power of optoelectronic and photonic technologies compared 
to bulk materials, two-dimensional materials (2DMs) can fur-
ther reduce the size and weight while maintaining, and often 
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improving, the power consumption and bandwidth. A large 
family of 2DMs exist, most notably graphene, transition-metal 
dichalcogenides (TMDs), and hexagonal boron nitride (hBN), 
which cover a range of materials properties from conductors to 
semiconductors and insulators, respectively.51 One of the major 
advantages of 2DMs is their relaxed lattice-matching require-
ments: atomically thin materials or prefabricated devices can 
be directly transferred to other material platforms through van 
der Waals bonding. The relatively simple transfer techniques 
allow 2DMs to be directly integrated with silicon PICs to add 
additional or new functionality, such as laser sources, LEDs, 
high-speed modulators, and sensitive photodetectors.

One example is shown in Figure 6a, where graphene can 
serve as an all-optical modulator.52 Due to Pauli blocking, 
graphene becomes transparent after pulsed optical excitation. 
When integrated with a plasmonic waveguide, the enhanced 
light–matter interaction leads to a sub-picosecond switching 
requiring only 35 fJ. Similar concepts have been explored with 
 WSe2/hBN heterostructures coupled to surface plasmon polari-
tons, as illustrated in Figure 6b, also leading to sub-picosecond 
switching with ~650 fJ pulse energy.53 TMDs have also been 
integrated directly above silicon nitride waveguides. Using the 
strong electrorefractive response of monolayers, a low-loss 
NIR modulator was demonstrated with  VπL < 0.8 V cm and a 
3-dB bandwidth of 0.3 GHz.54

The last few years have also resulted in promising results for 
2DM sources and detectors. The first 2DM-based nanolaser was 
demonstrated in 2015, in which high-gain  WSe2 was integrated 
onto a GaP photonic crystal membrane (Figure 6c).55 The large 
quality factor of the cavity (>104), combined with the small 
mode volume, yielded an ultralow lasing threshold as small as 
27 nW at 130 K. Since this work, several other TMD nanolasers 
have been developed, including  MoTe2 and  MoS2/WSe2 hetero-
structures, which operate at room temperature.56 The ultralow 
threshold is appealing in terms of energy efficiency, especially 
compared to III–V materials,57 but several challenges remain 
before practical use, including total power output, electrical 
injection, and on-chip directed emission. Two-dimensional 
material photodetectors with an ultrafast response, based on  
graphene, were first demonstrated in 2009, and followed 
by chip-integrated detectors in 2013 with a responsivity of 
0.1 mA  W−1 with up to 20 GHz bandwidth.58,59 Since then, gra-
phene photodetectors integrated with silicon waveguides exhib-
iting more than 110 GHz bandwidth have been developed,60 
as shown in Figure 6d. As the demand for high bandwidth and 
low power consumption optical communications continues to 
increase, we may see 2DM technologies combined with the 
silicon CMOS process at large scales to meet these demands.

Beyond 2DMs, there is a growing interest in pushing the 
limits on tunable and programmable ultrathin optics and pho-
tonics, at least in part driven by the need for compact optical 
systems in various settings, including augmented and vir-
tual reality and headset imaging technologies. One excellent 
example of a tunable optical element is a set of micro-elec-
tromechanical (MEMs) actuated metasurfaces that can serve 

as ultrathin, tunable lenses, as illustrated in Figure 6e with 
a MEMs Alvarez lens fabricated with a CMOS-compatible 
process.61 Controllable actuation with low power consumption 
enables modulating the focal length by up to 68 μm, resulting 
in more than a  103 change in the optical power with > kilohertz 
modulation rates possible.

Novel computing architectures with phase‑change 
materials
Neuromorphic engineering, also known as neuromorphic com-
puting, is a broad field that is biologically inspired to address 
computing design architectures to mimic neural systems.62 The 
implementation of neuromorphic hardware can be realized in 
several different ways, including oxide-based memristors,63 
spintronics,64 and superconducting optoelectronics.65 In their 
article, Zhou et al.66 discuss how another approach, based on 
phase-change materials (PCMs), can efficiently overcome sev-
eral limitations of traditional von Neumann computing architec-
tures. Their premise is inspired by biological neurons, wherein 
data processing units within or in the direct vicinity of memory 
units can reduce the latency and power dissipation. The struc-
tural phase of PCMs can be controlled optically to reside in 
one of two states—amorphous or crystalline—that are either 
nearly lossless or absorptive, respectively.67 A photonic wave-
guide memory cell is created by integrating the PCM, such as 
 Ge2Sb2Te5, on top of a silicon waveguide. Either through optical 
or electrical pulsing, heating of the PCM thin film can induce a 
phase transition, and the signal modulation induced by the dif-
ferent PCM states can mimic a biological synapse with only 60 
pJ of energy consumption and an operating speed approaching 
1 GHz.68 Remarkably, the PCM states are stable for more than 
a decade at room temperature, serving as a nonvolatile optoelec-
tronic memory cell for in-memory and neuromorphic photonic 
computing. Beyond computing, the development of PCMs is a 
highly active research field spanning several disciplines, includ-
ing optical switching and interconnects in photonics, thermal 
energy storage, and heat management in battery technologies.

Summary and outlook
Advances in optoelectronic materials research have fueled 
the rapid development of high-speed, high-efficiency, and 
low SWaP optical technologies and related applications, with 
a steep rise of attention in the last five years. Whereas initial 
research was motivated by potential applications in optical 
communications (e.g., >1 Tbps interconnects and quantum 
cryptography) and computing (e.g., neuromorphic, all-optical, 
and quantum architectures), to date, it has essentially con-
tributed to the advancement of the fundamental science of 
combining multiple bulk and low-dimensional materials on 
a silicon platform, for both active and passive functionalities. 
Breakthroughs are frequently happening in many different 
aspects of this important area of research. Integrating several 
emerging materials and novel techniques such as plasmon-
ics could give rise to the ultimate optoelectronic systems 
with unparallel performance. Given the long list of possible 
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opportunities and the recent progress in remote sensing (e.g., 
LIDAR, magnetometry, space-based) and imaging (e.g., aug-
mented and virtual reality, infrared vision), this field is set to 
remain an active area of research for years to come.
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