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ABSTRACT 
Entering the era of the Internet of Things (IoT) and fifth-generation (5G) 
mobile networks, the demand for compact, cost-effective, and high-per
formance sensors and actuators is skyrocketing. Optical technologies as 
complements to conventional electrical technologies provide a versatile 
platform to construct sensors and actuators for widespread applications, 
showing advantages of high data rate, strong multiplexing capability, fast 
response, low crosstalk, and immunity to electromagnetic interference. In 
this paper, we provide a comprehensive review of the development pro
gress of optical sensing and actuation technologies. Their applications in 
optical detectors, optical sensors (further divided into physical and chem
ical/biological sensors), and optical communication/computing/imaging are 
presented. For each category of the applications, progress is introduced 
following the technology evolution trend from optical microelectrome
chanical systems (MEMS) and nanophotonics to photonic nanosystems. 
Future development directions of optical sensing/actuation technologies 
are also proposed.

KEYWORDS 
Sensors; actuators; optical 
MEMS; nanophotonics; 
photonic nanosystems   

1. Introduction

The rapid development of the Internet of Things (IoT) and fifth-generation (5G) mobile networks 
is inseparable from a large number of miniature, low-cost, and high-performance sensors and 
actuators.[1] While most sensors and actuators work in the electrical domain,[2,3] optical sensors 
and actuators, where the sensory information and/or the transmitted signal are in the optical 
domain, become promising complementary techniques.[4,5] The boost of IoT and 5G has drastic
ally increased the data volume and thus the requirement of sensors and actuators regarding data 
processing capability.[6,7] However, electronic devices have reached a bottleneck in data rate due 
to the physical limitation of metallic interconnects. Optical (in particular photonic) devices utilize 
photons as the information carrier, which allows much higher data rates than electrons. The data 
transmission bottleneck posted by metallic interconnects can be effectively removed by using 
optical interconnects, which strongly promotes the development of optical communication and 
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Nomenclature 

THz Terahertz 
αr Seebeck coefficient 
ΔT Temperature gradient 
Rth Thermal resistance 
Cth Heat capacity 
τth Thermal time constant 
Q Quality 
ppm/K Parts per million per K 
Mp Effective mass of the metallic pillars 
Fc Coriolis force 
Ωz Out-plane rotation 
vp Longitudinal vibration velocity 
MEMS Micro-electro-mechanical system 
IoT Internet of Things 
5G Fifth-generation 
MOEMS Micro-opto-electro-mechanical systems 
Si Silicon 
CMOS Complementary metal-oxide- 

semiconductor 
PIC Photonic integrated circuit 
NEMS Nano-electro-mechanical systems 
IR Infrared 
MIR Mid-infrared 
TCR Temperature coefficient of resistance 
VOx Vanadium oxide 
YbCuO Yttrium barium copper oxide 
ZnO Zinc oxide 
TiO2 Titanium dioxide 
LWIR Long-wavelength infrared 
NEP Noise-equivalent power 
VO2 Vanadium dioxide 
MIM Metal-insulator-metal 
TCF Temperature coefficient of frequency 
AlN Aluminum nitride 
SiO2 Silicon dioxide 
SNR Signal-to-noise ratio 
NIR Near-infrared 
Ge Germanium 
SiGe Silicon-Germanium 
MSM Metal-semiconductor-metal 
APD Avalanche photodetector 
Sn Tin 
DFSL Dislocation filter superlattice 
PCA Principal component analysis 
SVM Supporting vector machine 
RF Radio frequency 
AO Acousto-optic 
MZI Mach-Zehnder interferometer 
SAW Surface acoustic wave 
NOEMS Nano-opto-electro-mechanical system 
vdW Van der Waals 
PDMS Polydimethylsiloxane 
GSG Ground-signal-ground 
LiDAR Light detection and ranging 
VOA Variable optical attenuator 
PZT Lead zirconate titanate  
SRR Split ring resonator 
eSRR Electrical split ring resonator 

CD Circular dichroism 
RCP Right circular polarized 
LCP Left circular polarized 
ASIC Application-specific integrated circuit 
FPGA Field-programmable gate array 
MZM Mach-Zehnder mesh 
PCM Phase change material 
GST Germanium-antimony-tellurides 
T-TENG Textile-based triboelectric nanogenerators 
THMI Triboelectric-human-machine interface 
MVM Matrix-vector multiplication 
DOF Degrees of freedom 
OPA Optical phased array 
FoV Field of view 
FPSA Focal plane switch array 
IMF Interfacial misfit 
2D Two-dimensional 
3D Three-dimensional 
hBN Hexagonal boron nitride 
UV Ultraviolet 
TMD Transition metal dichalcogenide 
BP Black phosphorus 
NUS National University of Singapore 
BPVE Bulk photovoltaic effect 
TBG Twisted bilayer graphene 
TDBG Twisted double bilayer graphene 
CNN Convolutional neural network 
BCB Benzocyclobutene 
PhCWG Photonic crystal waveguide 
SWGWG Subwavelength grating waveguide 
MRR Microring resonator 
PCB Printed circuit board 
FP Fabry-Pérot 
PVA Polyvinyl Alcohol 
PCN Photonic crystal nanobeam 
WGM Whispering gallery mode 
SWG Subwavelength grating 
RI Refractive index 
CH4 Methane 
C8H10 Xylene 
C7H9N N-methylaniline 
SOI Silicon-on-insulator 
SNOI Silicon nitride-on-insulator 
BOX Buried oxide 
SOS Silicon-on-sapphire 
SOCF Silicon-on-calcium fluoride 
GOS Germanium-on-silicon 
LoD Limit of detection 
NDIR Non-dispersive infrared 
TDLAS Tuneable diode laser absorption 

spectroscopy 
SEIRA Surface-enhanced infrared absorption 
MOF Metal-organic framework 
PEI Polyethyleneimine 
PTFE Polytetrafluoroethylene 
AI Artificial intelligence 
HNA Hook nanoantenna 
WMHNA Wavelength-multiplexed HNA 
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computing.[8–10] Meanwhile, imaging is important for various IoT applications and naturally suit
able to be realized by optical techniques, as the processed signal is in the optical domain.[11] At 
the same time, the use of optical techniques for sensing applications is getting increasing atten
tion because the transmitted optical signal is sensitive to various external stimuli. Compared with 
traditional electrical sensors, optical sensors provide advantages of fast response, low crosstalk, 
strong detection multiplexing capability, and immunity to electromagnetic interference.[12] 

Despite the impressive advancement of optical techniques and their widespread applications, to 
date, the transmitted optical signal normally still needs to be converted to electrical one and then 
treated and analyzed by well-developed and commercialized electrical instruments. Therefore, 
optical detectors that transform the optical signal into electrical realm are indispensable.[13]

Micro-electro-mechanical system (MEMS) devices (including sensors and actuators) fabricated 
with microfabrication technology possess the merits of tiny size (typically feature size is at micro 
or sub-micro level), ease of integration, low cost, and low power consumption. Since their emer
gence around the 1960s, they have been widely used in many fields.[4,14] The first use of MEMS 
to process (sense or manipulate) optical signals appeared in the late 1970s.[15,16] This has now 
become a thriving field known as optical MEMS, sometimes also called micro-opto-electro- 
mechanical systems (MOEMS) especially when micro-optics are combined with MEMS.[17,18] 

Following the prosperity of optical MEMS and micro-optics, nanophotonics has attracted great 
research interests, in which light is confined and interacts with matters at the nanoscale, leading 
to higher device compactness and on-chip integration capability as well as stronger light-matter 
interaction.[19] Over the past two decades, nanophotonics, especially silicon (Si) nanophotonics, 
has been intensively developed because of its promising potential to meet the increasing demands 
for high data transmission capacity.[20] One key driving force of Si nanophotonics is the fabrica
tion compatibility with the mature complementary metal-oxide-semiconductor (CMOS) technol
ogy, which enables the manufacturing of photonic integrated circuits (PICs) at low costs and 
high volumes.[8] Up to date, the commercialization of Si nanophotonics has been witnessed.[21] 

Nowadays, photonic nanosystems have emerged as an important development direction for 
optical technologies. Photonic nanosystems feature not only the integration of nanophotonic pas
sive and active components for on-chip operation but also the combination of nanophotonics 
with other technologies including micro/nano-electro-mechanical systems (MEMS/NEMS), micro/ 
nanofluidics, micro/nanoelectronics, and cutting-edge techniques such as wearable electronics for 
more functionalities.[22–25] The technology evolution trend from optical MEMS to nanophotonics 
and then to photonic nanosystems has been observed in the development of optical detectors, 
optical sensors, and optical devices for communication, computing, and imaging applications, as 
illustrated in Figure 1.[26–40]

In this paper, we review the progress of sensing and actuation technologies in the optical 
domain. The paper is organized according to the applications of optical technologies, i.e., optical 
detectors, optical sensors (further divided into physical sensors and chemical/biological sensors), 
and optical communication, computing, and imaging, in sequence. For each category of the appli
cations, progress is reviewed following the technology evolution trend from optical MEMS and 
nanophotonics to photonic nanosystems. Various representative and pioneering works are enum
erated with detailed introductions of their device configurations, working mechanisms, and appli
cations. In the end, we conclude the development of optical technologies and their applications to 
date and provide our points of view on their future development directions.

2. Optical detectors

As discussed above, optical detectors are pivotal optoelectronic components of optical systems for 
practical applications. Optical detectors make use of different light-induced effects that are read
able through electrical measurements. The most widely used optical detection mechanisms are 
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classified according to the nature of the physical effect caused by the incident radiation: in pho
ton-type detectors, the radiation is absorbed within the material by interaction with electrons 
bound to either lattice atoms or impurity atoms or with free electrons, and the observed electrical 
output signal results from the changed electronic energy distribution; while in thermal-type detec
tors, the incident radiation is absorbed to change the material temperature, and the resultant 
change in some physical property is used to generate an electrical output.[41] In this section, both 
types of detectors are reviewed.

2.1. MEMS-based thermal detectors

Thermal effects, depending on the radiant power instead of the photonic nature of the incident 
radiation, are typically wavelength-independent. Thus, most of the thermal detectors are oper
ated in a wide wavelength range, covering both infrared (IR) and terahertz (THz) spectrum.[42] 

Due to this heating mechanism, the thermal detectors are typically in a suspended configur
ation that is connected to a heat sink for better heating efficiency. While photon detectors 
usually require cryogenic cooling for long-wavelength (low-energy) photon detection, thermal 
detectors are typically uncooled IR sensors that allow for more cost-effective and compact sys
tems.[41] MEMS techniques have been widely adopted to construct miniature thermal detectors. 
Several mechanisms are leveraged to realize radiation thermal detection, including thermoelec
tric, bolometric, and pyroelectric effects. Thermopile is a group of serial-connected thermocou
ples formed by two materials with different Seebeck coefficients. The radiation-induced 
temperature difference between the hot junction and the cold junction will generate thermo
electric voltage, enabling the thermopile-based IR sensor a passive sensor without active 

Figure 1. Development roadmap of optical sensing and actuation technologies: from optical MEMS and nanophotonics to pho
tonic nanosystems. Reproduced with permissions from Refs.[26–40]
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operation power.[43,44] The induced thermoelectric voltage Vout by the temperature gradient DT 
is provided as:

Vout ¼ NarDT (1) 

where N is the number of connected thermocouples, and ar is the Seebeck coefficient. In recent 
years thermopiles have undergone the common trend of miniaturization, thus, higher Seebeck 
coefficients CMOS-compatible materials have been explored to maintain the thermal efficiency in 
the lm-scale. Meanwhile, the high-temperature characteristics of thermopiles are also extensively 
explored, as most of the other IR sensors including bolometers and quantum sensors cannot 
work properly at high temperatures, which is, nevertheless, required in applications such as oil 
gas detection. In 2015, Zhou et al. explored polycrystalline Si-based mid-infrared (MIR) thermo
pile with a CMOS-compatible fabrication process and for high-temperature applications, with the 
device configuration depicted in Figure 2(a).[26] The fabricated thermopile gives the maximum 
output voltage of 0.59 mV at an ambient temperature of 190 �C and at a wavelength of 3.9 lm, 
where the responsivity and the detectivity are derived as 425.7 V/W and 1.25� 107 cm�Hz/W, 
respectively.

Bolometers are another kind of the most common thermal sensor that operates by changing 
the resistance of the sensing layer upon absorbing the IR radiation. The change of the resistance 
in bolometers then can be detected in an electrical output signal. In such a way, it is desired to 
adopt bolometric materials with a high-temperature coefficient of resistance (TCR). Currently, 
several high TCR bolometric materials have been explored for uncooled bolometer applications, 
among which, VOx and amorphous Si are the most common and well-explored materials with 
TCR values of about −2 to −4%/K.[45,46] Other materials such as polycrystalline Si, YbCuO, ZnO, 
TiO2, carbon nanotubes, and graphene, are also being explored for their suitability as thermal- 
sensing materials.[47–51] To enable bolometers with high detection sensitivity, different device 

Figure 2. MEMS-based thermal detectors. (a) MEMS MIR thermopile. Reproduced with permission from Ref.[26]; (b) fast microbol
ometer for LWIR light detection. Reproduced with permission from Ref.[56]; (c) microbolometer for sub-THz detection at room tem
perature. Reproduced with permission from Ref.[57]; (d) AlN piezoelectric resonator-based thermal detector with integrated 
suspended heat absorbing element. Reproduced with permission from Ref.[63]; (e) Plasmonic piezoelectric resonator for spectrally 
selective IR sensing. Reproduced with permission from Ref.[66]; (f) zero-power IR event-based switch. Reproduced with permission 
from Ref.[68]
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architectures and various fabrication techniques have been adopted to improve thermal insulation. 
Generally, thermal insulation in microbolometers can be achieved through two configurations. 
One is the one-level configuration that consists of a free-standing active membrane supported by 
thermal insulating legs with sufficient mechanical support but a long thermal conducting path. 
The other is two-level configurations that fabricate the microbolometers over the electronic cir
cuits with vertical thermal insulating legs. Typically, bolometers in two-level configuration possess 
a much larger fill factor compared to those in one-level configuration, making two-level bolome
ters widely adopted for commercial IR focal plane arrays.[52,53] To reduce the thermal conduct
ance and improve the sensitivity, thermal isolation structures, which should be robust, compact, 
and facile to fabricate, are desired. One kind of approach is to maximize the thermal resistance of 
the device for better thermal isolation. Nevertheless, a large thermal resistance (Rth) with a high 
heat capacity (Cth) also leads to large thermal time constant (sth ¼ RthCth) values even up to 
�10 ms.[54,55] Consequently, the operating frequencies of most existing bolometers are limited to 
well below 1 kHz. Further improvement of operation speed requires a low heat capacity in bolom
eters. Chen et al. developed a microbolometer based on a suspended Si membrane and plasmonic 
antenna with an ultrasmall heat capacity and high TCR targeting for the long-wavelength infrared 
(LWIR) range imaging solution, as shown in Figure 2(b).[56] The only 220 nm thick membrane 
results in a small Cth, which further leads to a sth of less than 16 ls, over 500 times smaller than 
that of typical commercial ones. The corresponding operation bandwidth of the microbolometer 
extends up to 10 kHz. Due to the plasmonic enhancement, the microbolometer exhibits a high 
peak extrinsic responsivity of 114 mA/W with an active area size of only 6.2 lm by 6.2 lm. 
Recently, researchers also brought a bolometer into the application for THz radiation detection, 
aiming to be the next candidate for cheap THz imaging and relative potential applications. 
Leonardo et al. developed micromechanical bolometers based on SiN trampoline membranes as 
broad-range detectors down to sub-THz frequencies, as presented in Figure 2(c).[57] The device is 
based on a Si3N4 trampoline with a 35 nm-thick Cr-Au coating. The heat generated by the 
absorbed radiation will induce a thermal expansion of the vibrating structure, which further shifts 
the resonance frequency of the micromechanical resonator bolometer. This device achieved a 
minimum noise-equivalent power (NEP) of �100 pW�Hz−1/2 and a detection speed of 40 Hz. On 
top of this demonstration, addition of VO2 metasurfaces and metal-insulator-metal (MIM) struc
tures may further increase the device responsivity in the THz range.[58,59]

In the past decade, due to the advance of piezoelectric MEMS/NEMS and their mature infra
structures, mechanically resonant thermal sensors have been rapidly developed as a competitive 
candidate for high-resolution uncooled thermal detections. Principally, piezoelectric resonant sen
sors with intrinsic high quality (Q) factors and using frequency as the output variable, have 
advantages including ultra-high sensitivity to the external stimulations and extremely low noise 
performance.[60–62] The resonance frequency is a function of temperature and is given by the 
temperature coefficient of frequency (TCF)

aT ¼
1

f ðTÞ
@f
@T

(2) 

where f(T) is the relation between the resonant frequency and the temperature. And the TCF is 
generally expressed in parts per million per K (ppm/K). This equation allows us to translate the 
incident thermal radiation to a perceptible frequency shift. Similar to thermopiles and bolometers, 
good thermal isolation is also required in resonant thermal detectors for a high TCF. As one of 
the most well-developed piezoelectric materials, aluminum nitride (AlN), which is also highly 
temperature sensitive, is suitable for the demonstration of high-performance IR thermal detectors. 
In 2013, Hui et al. presented a miniaturized, fast, and high-resolution AlN thermal detector, as 
shown in Figure 2(d).[63] A SiO2 heat absorber and a temperature-sensitive AlN nano-plate reson
ator are perfectly overlapped but separated by a microscale air gap. Thanks to this compact 
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integration, a fast (�10 ls) heat transfer from the absorber to the piezoelectric resonator was 
achieved and enabled high-resolution thermal power detection (several nW). With the demon
strated low noise performance and high Q factor, the piezoelectric resonator shows great potential 
for the implementation of fast and high-resolution uncooled thermal detectors. The insufficient 
light concentration in planer structures with deep subwavelength thickness was also a bottleneck 
in the development of high-performance resonant IR detectors, due to the lack of highly absorb
ing materials compatible with standard microfabrication processes and efficient transduction tech
niques. Fortunately, plasmonic enhancement by metamaterials can also be integrated into 
resonant sensors for unprecedented absorption efficiency.[64,65] As shown in Figure 2(e), Hui 
et al. proposed a nanomechanical resonator with an integrated plasmonic metasurface to simul
taneously tailor electromechanical and optical properties.[66] In the proposed resonator, AlN 
piezoelectric nanoplate functions as both the MIM structure for radiation absorption and the lat
eral-extensional mode resonator. An array of subwavelength nanoantennas is periodically pat
terned within the top metal electrode of the device, with its resonant frequency well-designed to 
maximize its absorption within the spectrum of interest. The authors experimentally demon
strated � 80% absorption for an optimized spectral bandwidth centered around 8.8 mm, present
ing a high thermomechanical coupling between electromagnetic and mechanical resonances in a 
single ultrathin piezoelectric nanoplate and selective detection of LWIR radiation.

With the advances of IoT and the massive requirements for low-power sensor nodes, it is 
highly desired to develop sensors with near-zero power consumption. That is, the sensors remain 
dormant until awakened by a specific physical signature associated with an event of interest, 
therefore, it can greatly extend the sensor lifetime and result in low costs of deployment and 
maintenance of unattended sensor networks.[4,7,67] In 2017, Qian et al. demonstrated IR digitizing 
sensors by leveraging micromechanical photoswitches activated by selectively harvested electro
magnetic energy, as presented in Figure 2(f).[68] The sensors consist of two symmetric released 
cantilevers with two biomaterial legs. Two membranes were integrated into the center of cantile
vers, with one coated by a plasmonic absorber and the other one coated by a gold reflector. The 
absorbing membrane also carries a Pt tip, while the reflecting membrane carries a contact pad, 
which is separated by a 500 nm air gap. When IR light with a specific wavelength is received, the 
temperature will increase and induce a downward bending of the metal tip. While the absorbed 
IR power exceeds the design threshold, the metal tip will contact the contact pad and turn on the 
switch. Such zero-power IR sensors that combine zero standby power consumption and a low 
threshold, can passively monitor the environment until awakened by a specific IR spectral signal 
with an event of interest and are necessary for the development of wide-deployed sensor networks 
for IoT applications.

2.2. Free-space photodetectors using nanophotonic technologies

Following the development of MEMS-based optical detectors, on-chip detectors are being devel
oped using nanophotonic technologies. Optical detectors of this category were first designed as 
discrete free-space devices integrated on Si substrates. Unlike MEMS-based detectors which are 
mostly thermal-type, detectors based on nanophotonic technologies are typically photon-type. In 
photon-type detectors, efficient photocarrier generation depends on the bandgap of the active 
material. Photon-type detectors provide overall better performance relative to the thermal type, 
including higher signal-to-noise ratio (SNR) and faster response.[69]

Si has a large indirect bandgap of 1.12 eV, which hampers efficient light detection at attractive 
near-infrared (NIR) and MIR wavelengths beyond 1.1 lm. Germanium (Ge) has proved to be an 
excellent complement to Si in modern electronic chips, and the same is seen in chip-scale nano
photonics. Unlike Si, Ge has a quasi-direct energy bandgap of 0.8 eV (corresponding to 1.55 mm 
wavelength). The moderate 4.2% lattice mismatch between Ge (aGe ¼ 5.658 Å) and Si (aSi ¼
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5.431 Å) enables Ge epitaxy on Si. Mainly two approaches have been developed to grow high- 
quality Ge epitaxial films on Si.[70] One is to use a graded SiGe buffer layer to reduce the thread
ing dislocation density in the Ge layer on top, and the other is to directly grow Ge on Si with a 
two-step deposition technique, in which a thin Ge buffer layer is firstly grown at low temperature 
to suppress islanding, followed by a high-temperature Ge growth with higher growth rates and 
better crystal quality. The two-step Ge growth method typically results in a tensile strain of about 
0.2%, which shrinks the direct bandgap of Ge, resulting in stronger absorption at 1.55 mm as well 
as a longer cutoff wavelength.[71] These two approaches can be combined, i.e., using SiGe buffer 
layers before the two-step growth, for better growth quality.[72] Since the start of the 21st century, 
numerous Ge photodetectors integrated on Si substrates with metal-semiconductor-metal (MSM) 
or p-i-n diode structures have been demonstrated (Figure 3(a)).[73–76] In addition, various cut
ting-edge Ge-on-Si photodetectors have been developed over the past decade, including avalanche 
photodetectors (APDs) to detect low signal intensities,[77,78] photodetectors capable of handling 
high-power levels,[79] as well as photodetectors beyond the Ge cutoff wavelength by alloying Ge 
with semimetallic Tin (Sn).[80] For more details on Ge-on-Si photodetectors, we refer readers to 
dedicated sources.[70,81,82]

Notwithstanding the recent notable developments, GeSn photodetectors are still facing serious 
limitations. Extending the cutoff wavelength requires increasing Sn composition, which is hin
dered by the increasing lattice mismatch between GeSn and Si, the low solid solubility of Sn in 
Ge and Si, and the low thermal stability of GeSn.[83] The longest working wavelength of reported 
GeSn photodetectors is 3.65 lm.[80] Currently, the mainstream for MIR (2–20 lm) photodetection 
is still narrow-bandgap III-V and II-VI compounds. Nonetheless, their lattice constants are 
mostly larger than 6 Å, resulting in even larger lattice mismatches with Si as compared to Ge.[84] 

Heterogeneous integration of III-V and II-VI photodetectors on Si substrates is generally by dir
ect epitaxial growth or via bonding techniques.[85] For direct epitaxial growth, several delicate 
methods have been employed together with the common buffer layer method to accommodate 

Figure 3. Free-space photodetectors using nanophotonic technologies. (a) NIR photodetector based on Ge epitaxy on Si sub
strate using SiGe buffer layer before two-step growth. Reproduced with permission from Ref.[76]; (b) MIR photodetector based on 
direct epitaxial growth of III-V compounds on Si substrate with lattice mismatch compensation by IMF array, buffer layer, and 
DFSLs. Reproduced with permission from Ref.[88]; (c) BP MIR photodetector. Reproduced with permission from Ref.[27]; (d) nano
antenna-enhanced graphene MIR photodetector. Reproduced with permission from Ref.[109]; (e) metasurface-mediated graphene 
MIR polarization detector with configurable polarity transition and covering all possible numbers of polarization ratio. 
Reproduced with permission from Ref.[111]; (f) TDBG MIR photodetector senses full-Stokes polarization, wavelength, and power 
simultaneously by leveraging tunable BPVE and CNN. Reproduced with permission from Ref.[119]
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the huge lattice mismatches, such as dislocation filter superlattices (DFSLs) and interfacial misfit 
(IMF) array, as illustrated in Figure 3(b).[86–88] In contrast, bonding techniques bypass the lattice 
mismatch issue and enable more straightforward integration.[89] Nevertheless, bonding techniques 
suffer from low fabrication yield and high fabrication complexity.[90] Additionally, photodetectors 
based on these narrow-bandgap semiconductors usually require cryogenic cooling for low-energy 
photon detection to minimize thermally generated charge carriers, which otherwise compete with 
the targeted optically excited carriers by generating excessive noise. Cryogenic cooling inevitably 
makes these photodetectors bulky, expensive, power-hungry, and delicate.[69,91]

Two-dimensional (2D) materials as emerging technologies for on-chip photodetectors have 
been attracting dramatically increasing research interest. Compared with the above-mentioned 
traditional three-dimensional (3D) materials, the layered lattice structures enable 2D materials 
with many exceptional properties. First, quantum confinement in the direction perpendicular to 
the 2D plane leads to novel electronic and optical properties that are distinctively different from 
their bulk parental materials. Second, their surfaces are naturally passivated without any dangling 
bonds, which makes it easy to integrate 2D materials with photonic structures as well as construct 
vertical heterostructures using different 2D materials, without the conventional lattice mismatch 
issue. Third, the use of thin layers without surface dangling bonds can also reduce noise resulting 
from generation-recombination, a strategy that is often not permitted in traditional 3D semicon
ductors due to surface recombination, making 2D materials more favorable for room-temperature 
photodetection.[92,93] Various 2D materials with different bandgaps can realize a very wide 
response range across the electromagnetic spectrum. Hexagonal boron nitride (hBN) is an insula
tor with a large bandgap of �6 eV, enabling solar-blind deep ultraviolet (UV) photodetec
tors.[94,95] Numerous transition metal dichalcogenides (TMDs) with bandgaps typically ranging 
from 1 to 2 eV cover visible and NIR wavelengths.[96,97] Black phosphorus (BP) possesses a nar
row bandgap of �0.33 eV in its bulk form, pushing the cutoff wavelength to 4.13 mm in the MIR 
(Figure 3(c)).[27,93] Beyond 4.13 lm, through alloying with arsenic[98,99] or exploring the Stark 
effect by applying a vertical electric field,[100] BP’s bandgap can be narrowed and its photo
response has been extended to around 8 lm. Nonetheless, BP suffers from weak air stability. 
Semimetallic materials (for example, graphene[101,102] and several TMDs in their bulk form, such 
as PdSe2,

[103,104] PtSe2,
[105] PtTe2,

[106,107] MoTe2,
[108] etc.) are another suitable choices for photo

detection at long wavelengths. Their gapless nature endows them with broadband photoresponse 
ranging from UV to THz, combined with fast response speed.[69]

Similar to MEMS-based detectors, plasmonic enhancement strategies have also been utilized in 
on-chip detectors using nanophotonic technologies. Yao et al. from Prof. Capasso’s group at 
Harvard University designed metallic nanoantenna structures to simultaneously improve light 
absorption and photocarrier collection in graphene detectors, as shown in Figure 3(d).[109] The 
coupled nanoantennas concentrate free-space light into the nanoscale deep-subwavelength 
antenna gaps, where the graphene light interaction is greatly enhanced as a result of the ultrahigh 
electric field intensity inside the gap. Meanwhile, the metallic nanoantennas were designed to 
serve as electrodes that collect the generated photocarriers very efficiently. As a result, the MIR 
nanoantenna-assisted graphene detectors achieved more than 200 times enhancement of respon
sivity at room temperature compared to devices without nanoantennas. Wei et al. from Prof. 
Lee’s group at National University of Singapore (NUS) utilized non-centrosymmetric metallic 
nanoantennas in graphene photodetectors to mimic an artificial bulk photovoltaic effect 
(BPVE).[110] The non-centrosymmetric nanoantennas break the symmetry of local field, helping 
photocarriers to gain momentum and form a shift current that is nonlocal and directional. The 
BPVE enables not only cascaded photoresponse with high sensitivity but also calibration-free 
detection of polarization angle with a single device. Wei et al. further optimized the nanoan
tenna-mediated graphene photodetectors to enable configurable polarity transition.[111] As 
depicted in Figure 3(e), by tuning the orientation of nanoantennas, polarization ratio values vary 
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from positive (unipolar regime) to negative (bipolar regime), covering all possible numbers (1 !
1/−1 ! −1). Furthermore, their device achieved subtle measurement of polarization-angle per
turbation down to 0.02� Hz−1/2 in the MIR range. Their works provide a promising platform for 
miniaturized polarimetry.

Moir�e superlattices formed by twisted stacks of 2D materials have been rising rapidly as a hot 
research topic in recent few years as they feature many novel physical phenomena such as super
conductivity,[112] ferromagnetism,[113] and emerging topological properties.[114,115] These unusual 
electronic features are controlled by the twist angle between the two layers, with potential in the 
developing field of twistronics. Analogous concepts have recently been explored in photon
ics.[116,117] Prof. Xia’s group at Yale University discovered strong MIR photoresponse in small- 
twist-angle bilayer graphene.[118] Compared with monolayer graphene, the Brillouin zone folding 
in twisted bilayer graphene (TBG) leads to the formation of a superlattice bandgap and substan
tial modification to the density of states. A maximum extrinsic photoresponsivity of 26 mA/W 
was achieved at 12 lm when the Fermi level in 1.81� TBG was tuned to its superlattice bandgap. 
Moreover, the strong photoresponse critically depends on the formation of a superlattice 
bandgap, and it vanishes in the gapless case with an ultrasmall twist angle (<0.5�). Later, the 
same group reported the observation of tunable MIR BPVE in twisted double bilayer graphene 
(TDBG), arising from the moir�e-induced strong symmetry breaking and quantum geometric con
tribution.[119] The BPVE-type photoresponse depends substantially on the polarization state of 
the excitation light and is highly tunable by external electric fields. Leveraging this wide tunability 
in quantum geometric properties, the authors used a convolutional neural network (CNN) to 
achieve full-Stokes polarimetry together with power and wavelength detection simultaneously, 
using only one single TDBG device with a subwavelength footprint of merely 3� 3 mm2, as 
shown in Figure 3(f).

2.3. Waveguide-integrated photodetectors for photonic nanosystems

On-chip integration of waveguides and detectors is an essential step toward the realization of 
chip-scale photonic nanosystems. In addition, waveguide integration also introduces several 
important performance benefits. First, waveguide integration contributes to the improvement of 
SNR by suppressing noise. This is because several types of noise (shot noise, Johnson noise, and 
generation-recombination noise) that often limit detector SNR linearly scale with the active vol
ume of a detector. When light is funneled into the detector via a waveguide (with core index n) 
rather than from free space, the detector active volume and hence noise can be reduced approxi
mately by a factor of n2 without compromising optical absorption. Such noise mitigation is crit
ical in MIR detectors made of narrow-bandgap semiconductors, which suffer from a much higher 
noise floor. Second, waveguide-integrated detectors can achieve larger bandwidths than their free- 
space counterpart. The smaller detector volume diminishes RC delay and carrier transit time. Last 
but not least, waveguide-integrated detectors decouple the optical absorption path from the car
rier transit path and the absorption material thickness. High quantum efficiency requires a suffi
ciently large optical path length for complete absorption of incident photons, whereas efficient 
carrier collection requires a short carrier transit path to enhance quantum efficiency and transit- 
time-limited bandwidth in photovoltaic detectors or to boost photoconductive gain in photocon
ductors. In free-space detectors, the optical absorption path often coincides with the carrier 
transit path, which sets a trade-off between optical absorption and carrier collection. In addition, 
the optical absorption path length is limited by the absorption material thickness. Conversely, in 
waveguide-integrated detectors, the optical absorption path is decoupled from the absorption 
material thickness and orthogonal to the carrier transit path, thereby offering more flexibility in 
the device geometry design for performance optimization.[22]
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Photodetectors based on nanophotonic technologies are no doubt more favorable for further 
development of waveguide-integrated detectors as compared with MEMS-based detectors. In the 
NIR, Ge can be epitaxially grown on Si waveguides in similar ways as on Si substrates. Various 
types of waveguide-integrated photodetectors based on Ge epitaxy on Si waveguides have been 
reported, such as butt-coupled MSM,[120] butt-coupled p-i-n,[121] top-coupled p-i-n,[122] bottom- 
coupled p-i-n (Figure 4(a)),[123] APD,[124] and GeSn photodetector.[125] We also refer readers to 
these above-mentioned dedicated sources for more details on waveguide-integrated Ge-on-Si 
photodetectors.[70,81,82]

Moving to the MIR, mainly three classes of waveguide-integrated photodetectors have been 
demonstrated. The first class is heterogeneously integrated narrow-bandgap semiconductors. The 
delicate direct epitaxial growth methods developed for the integration of narrow-bandgap semi
conductors on planar Si substrates are difficult to be implemented on Si waveguides. Thus most 
of the reported MIR waveguide-integrated narrow-bandgap semiconductor photodetectors rely on 
benzocyclobutene (BCB) adhesive bonding process, as shown in Figure 4(b).[126–129] In addition 
to the low fabrication yield and high fabrication complexity, BCB absorbs light considerably 
beyond 3 lm, thus reducing the optical power reaching the photodetectors.[130] The second class 
is a monolithic detector integration approach that builds on Si itself. While crystalline Si has a 
band gap energy of 1.12 eV and is transparent in the MIR, mid-gap states that are optically 
absorbing in the MIR can be introduced either by substitutional doping[131] or by forming lattice 
defects,[132] both of which can be realized through the implantation of proper ions, as illustrated 
in Figure 4(c). The main disadvantage of this kind of detector is their low responsivity due to the 
weak extrinsic dopant or defect level mediated absorption. Driving the device at high bias voltage 
in an avalanche mode markedly boosts its photoresponse but with the penalty of deteriorated 
noise figures.[133] The third class is the emerging 2D materials. As mentioned above, the layered 
lattice structures enable their direct integration with Si waveguides, making them a promising 
alternative solution for MIR waveguide-integrated photodetectors. Graphene, the first discovered 
2D material, has also been first integrated with Si waveguides for photodetection from NIR to 
MIR since 2013.[134–140] Waveguide-integrated photodetectors using various TMDs,[141–143] 

Figure 4. Waveguide-integrated photodetectors for photonic nanosystems. (a) NIR Si waveguide-integrated Ge photodetector fabri
cated by Ge epitaxy on Si. Reproduced with permission from Ref.[123]; (b) MIR Si waveguide-integrated photodetector based on 
adhesively bonded III-V compounds. Reproduced with permission from Ref.[128]; (c) ion-implanted Si MIR waveguide photodiode. 
Reproduced with permission from Ref.[131]; (d) MIR Si waveguide-integrated BP photodetector. Reproduced with permission from 
Ref.[33]; (e) slow-light-enhanced waveguide-integrated BP MIR photodetector. Reproduced with permission from Ref.[150]; (f) BP 
photodetector based on a 3D integration platform of Si photonics and plasmonics. Reproduced with permission from Ref.[145]
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BP,[144–146] and 2D material heterostructures[147,148] have been reported as well. Huang et al. 
demonstrated the first waveguide-integrated photodetector for the MIR beyond 3 lm by integrat
ing BP photodetectors with Si grating couplers, as shown in Figure 4(d).[33] Responsivity of 23 A/ 
W at 3.68 lm and 2 A/W at 4 lm were achieved with 1 V bias under room temperature. The 
responsivity is among the highest in the reported waveguide-integrated IR detectors. Nevertheless, 
this high responsivity was obtained at the expense of a long device length of 80 lm.

Further miniaturization of the photodetector is expected to improve the operation speed, SNR, 
and internal quantum efficiency, as well as reduce the total energy consumption and insertion 
loss.[145,149] Inevitably, undesired weaker photoresponse is accompanied by the reduced light-mat
ter interaction length. To maintain a high responsivity in the waveguide-integrated photodetector 
with a reduced footprint, Ma et al. proposed a method utilizing the slow light effect in photonic 
crystal waveguide (PhCWG), as shown in Figure 4(e).[150] Slow light with remarkably low group 
velocity spatially compresses optical energy, resulting in enhanced light-matter interaction.[151,152] 

At 3.825 lm with a group index of 103.3, the responsivity was enhanced by more than tenfold in 
the BP photodetector integrated on a 10 lm long PhCWG, as compared with the counterpart 
integrated on a subwavelength grating waveguide (SWGWG) without slow light effect. At a 0.5 V 
bias, the BP (40 nm Zigzag) PhCWG photodetector achieves a responsivity of 11.31 A/W. 
Compared with the 40 nm zigzag device in the previous work by Huang et al. under similar con
ditions of wavelength and power,[33] a comparable responsivity was achieved with half of the 
applied voltage bias and one-eighth of the device length. In comparison with previously reported 
BP waveguide photodetectors,[144–146] this work presents a device that maintains high responsivity 
with low voltage bias and small device footprint even when working beyond the roll-off wave
length (�3.6 mm) and near the cutoff wavelength (4.13 mm) of BP. Besides slow light waveguides, 
optical resonators such as microring resonators (MRRs) and photonic crystal cavities can also 
enhance the light-matter interaction and have been demonstrated to improve the performance of 
integrated photodetectors.[140,142,153] Plasmonic enhancement has also been utilized in waveguide- 
integrated photodetectors by integrating plasmonic structures with dielectric waveguides 
(Figure 4(f))[135,138,139,145,154,155] or using plasmonic waveguides.[156,157] Metallic plasmonic struc
tures can enhance light-matter interaction over a bandwidth much broader than dielectric optical 
resonators, while introducing high ohmic loss and severely reducing the light that can be 
absorbed by the photodetection material.

3. Optical sensors

Optical sensors have been attracting more and more research interest due to their advantages of 
fast response, low crosstalk, strong detection multiplexing capability, and immunity to electro
magnetic interference. Optical sensors have been widely studied for both physical and chemical/ 
biological (i.e., molecular) sensing applications. Technical evolution from optical MEMS to nano
photonics and then to photonic nanosystems has also been witnessed for higher compactness and 
integration level, better sensing performances, and more functionalities. Table 1 summarizes the 
most explored sensing mechanisms, typically employed structures, and major performance 

Table 1. Summary of optical sensors.

Sensing mechanism

Optical structure

Performance parameterOptical MEMS
Nanophotonics & photonic 

nanosystems

Resonance wavelength  
shift

Fiber resonator, Fabry-P�erot 
cavity

Photonic crystal cavity, 
microring/microdisk 
resonator

Sensitivity, limit of detection,   
resolution, response time

Intensity change Fiber Waveguide, nanoantenna
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parameters of optical sensors. It is worth noting that resonance wavelength shift can also be 
detected as intensity change in the sideband-resolved regime.

3.1. Optical-MEMS-based physical, chemical, and biological sensors

The use of optical transmission as sensing and readout signal for pressure and displacement 
detection has been popular due to its sensitivity to the finest disturbance caused by the environ
ment, while at the same time being immune to electromagnetic interference.[4,19,158,159] 

Depending on the sensing mechanism, the readout can be either from the optical intensity change 
or resonance wavelength shift due to the movement of the MEMS component. Due to the fabri
cation limitation in the early days, the optical MEMS sensors are relatively bulky, and the signal 
detection relies on a photodetector placed nearby or transmission by optical fiber to avoid exces
sive signal loss. Figure 5(a) depicts an optical micro-machined microphone with a sub-15 dBA 
noise floor using a grating-based optical-interferometric readout.[160] The optical emitters and 
detector are integrated onto a printed circuit board (PCB) with a MEMS diaphragm consisting of 
a diffraction grating etched near the center. When the system is subject to an external sound 
pressure excitation, the gap between the diaphragm and grating will be changed, and subse
quently, the intensities of the beams will be modulated. The fabricated device is reported to reach 
a thermal-mechanical noise floor of 14.2 dBA and an SNR of over 80 dB. The use of a fully pas
sive MEMS diaphragm and optical interferometric readout avoids some problems of traditional 
capacitive MEMS acoustic sensors, such as electrostatic pull-in that degrades the sensor perform
ance. As such, a few other works have reported similar configurations for microphone and accel
erometer applications.[161,162] Another type of optical MEMS physical sensor utilizes optical fiber 
for long-distance remote sensing. Compared with the previous type, a small portion of the 

Figure 5. Optical-MEMS-based physical, chemical, and biological sensors. (a) Optical micromachined microphone with integrated 
light source and detector. Reproduced with permission from Ref.[160]; (b) micro-cantilever-based high sensitivity all-optical acous
tic pressure sensor with integrated waveguide. Reproduced with permission from Ref.[34]; (c) fiber-tip acoustic sensor with 3D- 
printed suspended optomechanical microresonator. Reproduced with permission from Ref.[165]; (d) fiber-optic-based humidity 
sensor with 3D-printed FP nanocavity. Reproduced with permission from Ref.[166]; (e) surface stress sensor based on MEMS FP 
interferometer for biosensing. Reproduced with permission from Ref.[35]; (f) fiber optic sensor based on FP interferometer with 
fiber Bragg grating and nanofilm for hydrogen detection. Reproduced with permission from Ref.[171]

INTERNATIONAL JOURNAL OF OPTOMECHATRONICS 13



waveguide is integrated into the MEMS membrane, where the light is coupled through the fiber 
ends. The movement of the membrane will cause the light intensity to change. As shown in 
Figure 5(b), Li et al. demonstrated an all-optical acoustic pressure sensor based on a micro-opto- 
mechanical cantilever.[34] The cantilever with an integrated rib waveguide at the tip was designed 
with the natural frequency near the target acoustic frequency so that mechanical resonance 
enhances the weak acoustic pressure detection. As a result, it achieved experimentally a detection 
sensitivity of 8.34 V/Pa with a minimum detectable pressure of 35 nPa/Hz1/2 at 150 Hz. The use 
of a cantilever with optical fiber for detection has certainly simplified the system complexity 
whilst still maintaining sufficient accuracy. In addition to acoustic sensing, contact force and 
vibration sensing have also been demonstrated in the literature.[163,164] The advancement of high- 
precision additive manufacturing in recent years has provided alternate solutions to compact 
optical MEMS physical sensors as well. As shown in Figure 5(c), a 3D-printed spirally-suspended 
optomechanical microresonator is fabricated at the tip of an optical fiber, forming a Fabry-P�erot 
(FP) interferometer for acoustic sensing.[165] The use of in situ additive manufacturing has pro
vided more flexibility and compatibility for sensor integration on different platforms. The pre
sented acoustic sensor has achieved a high sensitivity of 118.3 mV/Pa and a low noise equivalent 
acoustic signal level of 0.328 lPa/Hz1/2 at the audio frequency range. A similar 3D-printed FP 
nanocavity at the tip of fiber has been demonstrated for humidity sensing, as shown in 
Figure 5(d).[166] The castle-style nanocavity with periodically etched holes was filled with 
Polyvinyl Alcohol (PVA) to increase the contact area of water vapor for enhanced sensitivity. The 
relative humidity was measured based on the interference spectrum wavelength shift. The pro
posed device experimentally achieved a sensitivity of 248.9 pm/%RH in the relative humidity 
range of 46%RH to 75%RH.

In addition to physical sensing, chemical and biological molecule sensing have also been dem
onstrated with optical MEMS sensors. Usually, the sensing of substances is performed by measur
ing the mechanical deformation of the membrane/cantilever that has been surface functionalized 
to interact with specific molecules.[167–170] Figure 5(e) depicts an optical MEMS-based surface 
strain sensor for label-free biosensing.[35] A perylene-C membrane is coated with amino-methyl 
to immobilize the antibodies via electrostatic coupling. When the membrane has attracted the tar
get antibodies, the surface stress will change, and the resulted deformation will be captured by 
the transmittance change in the FP sensor. Such a sensor holds the potential for a universal bio
chemical sensing platform with different coating materials. Gas sensing is another important 
application for optical MEMS sensors. Figure 5(f) shows a fiber optic hydrogen sensor based on 
an FP interferometer with fiber Bragg grating and a graphene-Au-Pd nanofilm as an absorbing 
membrane.[171] The Au-Pd film is chosen to ensure the high reflectivity of the optical signal and 
Pd film is used for the absorption of hydrogen to create reversible expansion. A nonlinear wave
length shift of 290 pm is recorded between the hydrogen concentration of 0 and 4.5 vol%, with a 
response time of 4.3 s.

3.2. Nanophotonic physical, chemical, and biological sensors

3.2.1. Nanophotonic physical sensors
A major category of nanophotonic physical sensors is optomechanical sensors. In the past few 
decades, optomechanics has drawn great interest for precise physical sensing due to its ultrahigh 
sensitivity and the possibility to detect motion at or even below the standard quantum limit.[172] 

Typically, the optomechanical system involves an optomechanical cavity, in which the optical field 
is well confined at the nanoscale, enabling a strong interaction between the optical field and 
mechanical objects. In this cavity optomechanical system, the mechanical motion translates into 
perturbation of cavity mode and therefore shifts the optical cavity resonance. As a result of both 
high mechanical and optical Q factors, the optomechanical cavity is exquisitely sensitive to 
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mechanical motion, and the footprint of the sensors is also greatly reduced. Based on ultrasensi
tive motion detection, precision sensing of various physical stimuli, including acceleration,[173,174] 

rotation,[175,176] and force,[177,178] have been realized in the optomechanical systems. Recently, 
research efforts have also been made to bring optomechanical systems into electrical voltage or 
charge detection. Most of the previous MOEMS mainly leverage electrostatic force as actuation 
for mechanical switching or optical reconfiguration.[179] Alternatively, one can measure the elec
tric voltage through the resonance shift of the optomechanical cavity. As shown in Figure 6(a), 
Xia et al. proposed a nanoscale optomechanical electrometer for electric voltage detection, which 
consists of two coupled photonic crystal nanobeam (PCN) cavities with one working as a mov
able perturbation-sensitive mechanical resonator.[180] The optomechanical coupling occurs when 
the other fixed PCN cavity is radiation driven by the pump light. Consequently, both the optical 
gradient force and electrostatic force are feasible to enable in-plane mechanical movement of the 
entire suspended structure, with a narrow gap separation of 150 nm between two PCN cavities. 
Particularly, when the optomechanical electrometer is driven above the threshold power, it will 
turn into a self-sustained oscillation state with a greatly enhanced SNR. Under this operation con
dition, a sensitivity of 0.014 Hz/mV2 with a fine resolution of 1.37 mV2�Hz−1/2 was achieved. 
Optical read-out of motion in optomechanical systems also leads to compact and integrated 
optical motion sensors with broadband spectral resonances. In 2020, Liu et al. reported a 

Figure 6. Nanophotonic physical, chemical, and biological sensors. (a) Nanoscale optomechanical electrometer using PCN cav
ities. Reproduced with permission from Ref.[180]; (b) Integrated nano-optomechanical displacement sensor. Reproduced with per
mission from Ref.[181]; (c) Si waveguide-based optomechanical ultrasound sensor for ultrasonography and photoacoustic 
tomography. Reproduced with permission from Ref.[36]; (d) suspended Si SWG comb waveguide with larger-than-unity external 
optical field confinement for ultrasensitive LWIR gas spectroscopy. Reproduced with permission from Ref.[37]; (e) metallic-nanoan
tenna-based SEIRA platform with multiple resonances and MOF coating for enhanced simultaneous sensing of multiple gases. 
Reproduced with permission from Ref.[216]; (f) SEIRA platform leveraging WMHNAs and machine learning for high-accuracy 
molecular recognition from mixtures. Reproduced with permission from Ref.[227]
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broadband nano-optomechanical displacement sensor as presented in Figure 6(b).[181] It mainly 
consists of four evanescently coupled waveguides to form a nanomechanical directional coupler, 
with two suspended ones on top. The light can precisely probe the vertical displacement of top 
waveguides by measuring the relative transmission from the two output waveguides. The direc
tion coupler before displacement can support a superposition of symmetric and anti-symmetric 
supermodes and interferes constructively at the cross port after traveling for a beating length in 
the directional coupler. With a reduced vertical gap, the propagation constants of the supermodes 
change and therefore make the interference destructive, resulting in increased transmission from 
through the port. Based on this three-dimensional directional coupler with on-chip waveguide 
photodiode, a 30 fm�Hz−1/2 imprecision along with >50 dB displacement dynamic range are 
experimentally achieved. Meanwhile, due to this cavity-free design, the optical bandwidth is 
ultrabroad even above 80 nm, eliminating the requirement for tunable lasers and making it 
insensitive to frequency noise.

Optomechanical systems have also been employed in ultrasound sensors with both improved 
sensitivity and miniaturized size. In 2019, Basiri-Esfahani et al. introduced cavity optomechanical 
ultrasound sensing, demonstrating an ultralow noise equivalent pressure of 8–300 lPa�Hz−1/2 at 
kilohertz to megahertz frequencies with a dynamic range above 120 dB.[182] The cavity optome
chanical acoustic sensor consists of a silica microdisk optical cavity which is evanescently coupled 
to a tapered optical fiber. Light is intensively confined in a whispering gallery mode (WGM) 
around the periphery of the suspended disk and the mechanical eigenmodes can be resonantly 
driven via an acoustic field. With the small mask of the microdisk and thin supporting spokes, 
this sensor has two to three orders of improved sensitivity as compared to traditional air-coupled 
or liquid-coupled ultrasound sensors.[60,183,184] In 2021, Westerveld et al. demonstrated photoa
coustic tomography using an ultrasensitive Si optomechanical ultrasound sensor, as presented in 
Figure 6(c).[36] The sensor is based on a small ring resonator with a radius of 10 lm, with a nar
row 15 nm gap between the optomechanical waveguide and a slab part of the waveguide hovering 
above the rib part on a large suspended membrane. The laser wavelength was stepped across the 
optical resonance of the ring resonator, which recorded both the average optical transmission and 
the sensor information of the ultrasound pulse. The sensor demonstrated both broadband detec
tion (3–30 MHz) and high sensitivity (NEP below 1.3 mPa�Hz−1/2) simultaneously. Based on the 
prominent ultrasound detection capability of the sensor, the authors further demonstrated a one- 
dimensional array of ten sensors with ring resonators in slightly different radii, which are all 
coupled to the same bus waveguide. As a result, the resonances are almost evenly distributed over 
their free spectral range of �17 nm and can be applied in raster-scan photoacoustic tomographic 
imaging. 2D reconstructed photoacoustic images of one suture at various depths show a good 
SNR up to a large depth of 15 mm, with a suture diameter of around 40 lm. For more details on 
optomechanical sensors, we refer readers to some relevant topical reviews.[19,158]

3.2.2. Nanophotonic chemical and biological sensors
Nanophotonic chemical and biological sensors can be classified into waveguide and free-space 
configurations. Compared with free-space configuration, waveguides implement long optical path
lengths on chips, thus are more favorable in sensor miniaturization and their on-chip integration 
with other components including microfluidics, light sources, photodetectors, and optoelectronic 
circuits.[19] However, most of the waveguides probe analytes via evanescent fields, resulting in a 
weak light-matter interaction limited to a fraction of that for a free-space beam. Therefore, vari
ous strategies have been developed to strengthen the light-matter interaction and thus improve 
the performances of waveguide sensors, such as using TM mode,[185] thinner waveguide,[186] sus
pended waveguide,[187] slot waveguide,[188] subwavelength grating (SWG) waveguide,[189] slow 
light effect,[190] etc. Different strategies can be combined for more improvement, such as 
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subwavelength multibox waveguide combining slot and SWG structures,[191] and photonic crystal 
slot waveguide combining slot and slow light effect.[192]

In addition to the development of various performance improvement strategies, another 
important development trend for waveguide sensors is migrating the working wavelengths from 
NIR to MIR. Chemical and biological molecules perturb the evolutionescent field and modify the 
cladding refractive index (RI) and/or induce an additional optical absorption. Accordingly, wave
guide chemical and biological sensors can be generally classified into RI-based sensors and 
absorption-based sensors. RI-based sensors can neither differentiate nor identify unlabeled analy
tes effectively without modification of sensor surfaces, because different species that coexist in a 
sample register nearly indistinguishable shifts of RI when interacting with the evanescent field. 
Conversely, absorption-based sensors leverage the characteristic (fingerprint) absorptions of mole
cules, in which the characteristic absorption wavelengths are determined by the vibration frequen
cies of their contained chemical bonds. Consequently, absorption-based sensors possess intrinsic 
molecular selectivity without the need for analyte labeling or sensor surface functionalization. 
Despite a few absorption-based waveguide sensors demonstrated in the NIR, some drawbacks are 
inevitable. Firstly, the number of molecular fingerprints is limited in the NIR. Only sensing of 
substances that are rich in the C–H bond such as methane (CH4), xylene (C8H10), and N-methyl
aniline (C7H9N) has been demonstrated.[185,192,193] Secondly, the absorption originating from 
these NIR fingerprints is weaker compared to the MIR counterparts, leading to an inferior sens
ing performance.[194] The MIR spanning 2 to 20 mm in the electromagnetic wave spectrum is an 
ideal wavelength range for absorption-based waveguide sensors as it contains the primary absorp
tion fingerprints of most chemical bonds, including C–H, C–O, C–C, C¼C, O–H, N–O, etc.[22] 

MIR absorption-based waveguide sensors have been built on the common silicon-on-insulator 
(SOI) and silicon nitride-on-insulator (SNOI) platforms.[195,196] However, the working wave
lengths of these platforms are only up to �4 mm due to the severe absorption from the buried 
oxide (BOX) layer. To extend the working wavelength so as to leverage more molecular finger
prints, various alternative waveguide platforms have been developed and utilized to construct 
absorption-based sensors, such as suspended Si,[197] silicon-on-sapphire (SOS),[198] silicon-on-cal
cium fluoride (SOCF),[199] germanium-on-silicon (GOS),[200] etc.

Efforts have also been made to improve the sensitivity of MIR absorption-based waveguide 
sensors. A strategy is to employ enrichment coatings, which, however, sacrifice versatility and 
response speed.[201] Another is to optimize the waveguide configuration for stronger light-matter 
interaction. The light-matter interaction strength of the waveguide can be captured through the 
external optical field confinement factor C.[202] The limit of detection (LoD) depends on not only 
the light-matter interaction strength given by C but also the interaction length limited by propa
gation loss. Several alternatives to conventional strip waveguides have been proposed for more 
optical field delocalization into air claddings and thus higher C, such as suspended thin wave
guide,[197] suspended slot waveguide,[203] pedestal waveguide,[204] etc. Liu et al. from Prof. Lee’s 
group at NUS developed a suspended Si waveguide platform with SWG cladding operating in 
6.4–6.8 mm by locally removing the BOX layer of the SOI wafer.[205] Through engineering the 
effective RI of the SWG cladding by tailoring its period and duty cycle, a high C of 24.3% was 
achieved while maintaining a low propagation loss of 3.9 dB/cm. Using a 28.4-mm-long wave
guide, they realized toluene vapor sensing with a low 3-r LoD of 75 ppm (corresponding to a 1-r 

LoD of 25 ppm) and a short response time of 0.8 s. It is worth noting that C accounts for both 
field distribution and waveguide dispersion, which makes a C larger than unity (corresponding to 
free-space beam) possible. Recently, by leveraging strong TM field delocalization at small wave
guide thickness with a moderate dispersion, Vlk et al. demonstrated a C of 107% at 2.566 lm 
with a propagation loss of 6.8 dB/cm in a suspended tantalum pentoxide rib waveguide.[206] 

Correspondingly, they realized a 7 ppm 1-r LoD for acetylene gas with a 20-mm-long waveguide. 
However, the vertically wide distributed mode requires a large gap separation of 20 lm between 
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the waveguide and the substrate, which not only results in a mechanically fragile high-aspect-ratio 
membrane structure but also is hard to implement on conventional waveguide platforms due to 
insulator thickness constraints. More recently, Liu et al. further proposed an SWG comb wave
guide design, still on the suspended Si platform.[37] The extraordinary optical field confinement is 
enabled by large longitudinal electric field discontinuity at periodic high-index-contrast Si/air 
interfaces in the SWG, together with its unique features in RI engineering. By optimizing the 
period and duty cycle of the SWG, they realized a C of 113% with a low propagation loss of 
4.7 dB/cm at 7.33 lm. Using an SWG comb waveguide of only 10 mm in length, they realized 
acetone vapor sensing with a low 1-r LoD of 2.5 ppm, as shown in Figure 6(e). Even higher C 

enabled by strong dispersion in slow light PhCWGs have been claimed.[207,208] Nevertheless, their 
performance is limited by high propagation loss and is susceptible to fabrication errors.

In the field of free-space sensors, traditional non-dispersive infrared (NDIR) and tunable diode 
laser absorption spectroscopy (TDLAS) sensors typically employ huge gas cells or optical multi- 
pass cells/cavities to implement long free-space optical path so as to increase the probability of 
absorption by sparse target molecules, resulting in bulky volume and slow response time.[12] A 
promising approach to miniaturize sensors in free-space configuration has attracted intense 
research interest since a decade ago, which is surface-enhanced infrared absorption (SEIRA).[209] 

SEIRA is typically performed by metallic optical resonators (nanoantennas). Same as in the 
above-mentioned plasmonic enhancement of optical detectors, metallic nanoantennas convert 
incoming far-field energy into highly confined subwavelength near-fields via plasmon excita
tion.[64,65] Various nanoantenna structures have been reported for sensing applications, for 
example, split-ring resonator,[210] nanorod,[211] nanoslit,[212] bow-tie,[213] and MIM-based perfect 
absorber.[214] Arrays containing nanoantennas of different geometries or dimensions provide mul
tiple resonances over a broad spectral range and have been utilized to simultaneously detect mul
tiple analytes, as shown in Figure 6(e).[215–217] Nonetheless, the sensitivity enhancement in 
current nanoantenna designs normally relies on stronger mutual coupling of nanoantennas using 
nanogap or larger overlap between light and molecules by undercut, thus facing a trade-off 
between performance and fabrication cost.[218,219] Loss engineering of nanoantennas has been 
applied to overcome this bottleneck. Wei et al. presented novel crooked nanoantennas based on 
loss engineering.[220] Compared with the common straight nanorod antennas, the crooked nano
antennas enhance molecule signals by 25 times, enabling a transmissive CO2 sensor with sensitiv
ities up to 0.067% ppm−1. Zhou et al. proposed a dual-phase strategy that leverages loss-induced 
different Fano-resonant phases to access both destructive and constructive signals of molecular 
vibration, which enhances molecule signals by 4.2 times and leads to a low LoD of 13 ppm in 
CO2 sensing.[221] Various enrichment coatings have been employed in nanoantenna sensors to 
further improve the sensitivity, such as metal-organic framework (MOF) (Figure 6(e)),[216] polye
thyleneimine (PEI),[215] polytetrafluoroethylene (PTFE),[222] and MOF-PEI hybrid film.[223]

Parallel with the sensor design optimization, another development direction being investigated 
to improve sensor performances is the employment of advanced data analysis methods. Artificial 
intelligence (AI) techniques, as emerging and appealing methodologies for data analysis, have 
been recently utilized in plasmonic nanoantenna sensors to deal with the raw multiplexed sensing 
data and enhance molecule discrimination capabilities.[224–226] Ren et al. proposed a loss engin
eering method to optimize the damping rate by reducing radiative loss using hook nanoantennas 
(HNAs).[227] With the spectral multiplexing of the HNAs from gradient dimension, the wave
length-multiplexed HNAs (WMHNAs) serve as ultrasensitive vibrational probes in a continuous 
ultra-broadband spectral range from 6 to 9 lm. Leveraging the multi-dimensional features cap
tured by WMHNA, they developed a machine learning method combining principal component 
analysis (PCA) and supporting vector machine (SVM) to extract complementary physical and 
chemical information from molecules. The proof-of-concept demonstration of molecular recogni
tion from mixed alcohols (methanol, ethanol, and isopropanol) shows 100% identification 
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accuracy from the microfluidic integrated WMHNAs, as shown in Figure 6(i). AI data analysis 
methods can also be employed in waveguide sensors. Li et al. demonstrated label-free multicom
ponent chemical analysis using a single MRR to perform refractometric sensing of the mixture 
and a neural network model to predict the compositions.[228] High prediction accuracy was 
achieved with a low root-mean-squared error ranging only from 0.13 to 2.28 mg/mL. The pre
dicted concentrations of each component in the testing dataset almost all fell within the 95% pre
diction bands. Zhou et al. presented an AI-enhanced SWG waveguide sensing platform for 
aqueous mixture analysis in the MIR.[229] With the sensitivity-improved SWG waveguide and the 
assistance of machine learning, the MIR absorption spectra of a ternary mixture in water could 
be successfully distinguished and decomposed to single-component spectra for predicting concen
tration. Classification accuracies of 98.88% for 64 mixing ratios and 92.86% for four concentra
tions below the limit of detection (972 ppm, based on 3-r) with steps of 300 ppm were realized. 
Besides, the mixture concentration prediction with root-mean-squared error varying from 
0.107 vol% to 1.436 vol% was also achieved.

3.3. Photonic physical, chemical, and biological sensing nanosystems

3.3.1. Photonic physical sensing nanosystems
While optomechanical cavities provide access for signal transduction between the optical and 
mechanical domains, it is also of interest to bring the radio frequency (RF) active tuning into the 
optomechanical cavity systems for more functionalities and enhanced sensitivity. Piezoelectric- 
driven and electrostatic-driven are two mainstream approaches to probing the optomechanical 
cavity and provide the extra bridge for energy exchange between phonon and photon.[230] By lev
eraging the interaction between stimulated acoustic phonons and pump photons, electro-optome
chanical sensing platforms offers superior capabilities for inertial sensing without moving 
element, with greatly enhanced reliability of the sensors. As shown in Figure 7(a), an acousto- 
optic (AO) gyroscope is proposed with a photonic Mach-Zehnder interferometer (MZI) structure 
and two inherently matched piezoelectric surface acoustic wave (SAW) resonators.[38] While cur
rent MEMS-based inertial sensors are typically vulnerable to shock due to a large released mass, 
this AO gyroscope enables the realization of a large unreleased mass and wide bandwidth oper
ation, with the rotational signal acquired from the induced Coriolis force Fc by checkerboard- 
shaped metallic pillars. The Fc can be expressed as:

Fc ¼ −2MpXz � vp (3) 

where Mp is the effective mass of the metallic pillars, Xz is the out-plane rotation, and vp is the 
longitudinal vibration velocity. The induced force is orthogonal to the wave propagation direc
tion, which is then read by the push-pull MZI structure with different phase shifts in two arms. 
This AO gyroscope shows a sensitivity of 48 nV/(�/s) and an angular random walk of 60�/h−1/2, 
indicating the promising potential of this new class of gyroscopes that combines the advantages 
of both conventional vibrating gyroscopes and optical gyroscopes. Recent research works also 
find the potential of low-dimensional materials, such as graphene, carbon nanotubes, and semi
conducting nanowires, to be employed in mechanical resonators for further reduction of inertial 
mass.[231,232] With the unique properties in the atom-layered thick and ultralow mass low-dimen
sional materials, high-precision force and mass sensing can be achieved. Nevertheless, the sensi
tivity of such sensors is often limited by measurement imprecision and thermo-mechanical noise. 
As shown in Figure 7(b), Weber et al. investigated the force sensitivity of multilayer graphene 
mechanical resonators coupled to superconducting cavities.[233] The multilayer graphene flake is 
clamped between poly topping and niobium support electrodes, hanging over and coupled to a 
superconducting LC cavity through the capacitance. A DC voltage is applied to control the 
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separation between the graphene mechanical resonator and the superconducting cavity. With the 
increased cavity pump photon population np, the imprecision force noise firstly decreased at low 
np and increased at high np, which is mainly attributed to the enhanced damping caused by the 
optomechanical back-action. Consequently, the best force sensitivity in this device is 390 ± 30 
zN�Hz−1/2 by operating at a low pump photon condition of 4� 105 and the careful design of 
thermal anchoring. While optomechanical sensors enable extraordinary sensitivity with miniatur
ized optomechanical cavities and are promising for the development of chip-scale integrated sens
ing systems, their practice applications are still hampered by the difficulty of integrating tuning 
and read-out structures. In 2017, Zobenica et al. presented a nano-opto-electro-mechanical system 
(NOEMS) that combines three functionalities of transduction, actuation, and detection on a single 
chip, to demonstrate a high-resolution spectrometer with only a micrometer-scale footprint.[234] 

As depicted in Figure 7(c), the spectrometer consists of two evanescently coupled photonic crystal 
membranes with a gap of 240 nm, which support two degenerated cavity modes splitting into 
combined symmetric and antisymmetric modes. The gap between two membranes can be actively 
tuned with different applied DC voltage, providing a large resonance wavelength tuning range in 
the cavity. Meanwhile, a layer of InAs quantum dots is grown at the center of the upper mem
brane, and the optical read-out is done by measuring the photocurrent from the photodiode. 
With this integrated optomechanical sensor that embodies the features of direct wavelength and 
displacement detection, the authors demonstrated a spectrometer that successfully measured a 
narrow gas absorption line (16 pm). Moreover, further integration of the optomechanical sensing 
platform with a light source will open the way to fully integrated sensor systems requiring no 

Figure 7. Photonic physical, chemical, and biological sensing nanosystems. (a) AO gyroscope consisting of a photonic MZI and 
two inherently matched piezoelectric SAW resonators. Reproduced with permission from Ref.[38]; (b) optomechanical mass sensor 
featuring multilayer graphene mechanical resonator coupled to superconducting cavity. Reproduced with permission from 
Ref.[233]; (c) integrated nano-opto-electro-mechanical sensor for spectrometry and nanometrology. Reproduced with permission 
from Ref.[234]; (d) MIR computational free-space spectrometer based on MEMS-tunable FP PCS filter. Reproduced with permission 
from Ref.[249]; (e) MIR computational waveguide spectrometer based on MEMS-reconfigurable directional coupler. Reproduced 
with permission from Ref.[258]; (f) MIR chalcogenide glass waveguide sensor monolithically integrated with a PbTe detector. 
Reproduced with permission from Ref.[260]; (g) heterogeneously integrated graphene photodetector, Si waveguide sensor, and 
CaF2 substrate for on-chip zero-bias LWIR spectroscopic sensing. Reproduced with permission from Ref.[39]; (h) nanoantenna 
SEIRA platform with integrated nanofluidic channel fabricated by wafer bonding. Reproduced with permission from Ref.[264]
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external optical connections. For more information on the electro-optomechanical sensing sys
tems, we also refer readers to the above-mentioned topical reviews.[19,158]

3.3.2. Photonic chemical and biological sensing nanosystems
Spectrometers play a crucial role in spectroscopic sensing applications when using broadband 
light incidence and detection. A variety of miniaturized spectrometer designs have been unveiled 
over the past three decades.[235] According to their working principles, the reported on-chip spec
trometers can be classified into four main categories. The first three categories are (i) those that 
feature dispersive optics to split light toward spatially separated detectors,[127,236] (ii) those that 
use narrowband filters to preferentially transmit particular spectral components to different detec
tors[237,238] or use a single tunable filter together with a single detector,[239] and (iii) Fourier 
transform spectrometers based around an interferometer array[240] or a single tunable interferom
eter,[241] in which the interferograms are collected by a detector array in a single capture or by a 
single detector over time, respectively. In the past decade, a fourth category has emerged as a 
new paradigm of miniaturized spectrometers. “Reconstructive” or “computational” spectrometers 
use complex algorithms to approximate or “reconstruct” an incident light spectrum from precali
brated spectral response information encoded within a set of broadband filters[242–244] or detec
tors.[245,246] Such systems can harness not only technological advances in hardware but also the 
development of new computational approaches, in particular those based on compressive sens
ing[247] and machine learning.[248] Very recently, this paradigm has also been reported to be per
formed by a single tunable filter, interferometer, or detector, in which the distinctive spectral 
response characteristics are encoded over time, enabling further miniaturization of the spectrome
ters. Chang et al. from Prof. Lee’s group at NUS developed an MIR computational spectrometer 
based on a MEMS-tunable FP PCS filter, as shown in Figure 7(d).[249] The normalized transmis
sion of the filter as a function of both applied voltage and wavelength was learned and discretized 
into a matrix. Any unknown spectrum was then reconstructed by solving the matrix equation 
shown in Figure 7(d). The absorption spectra of CO2 around 4.26 lm and acetone around 
5.75 lm were successfully reconstructed. Yuan et al. from Prof. Xia’s group at Yale University 
demonstrated a wavelength-scale MIR spectrometer utilizing a single tunable BP photodetector 
based on the Stark effect.[250] The photodetector responsivity as a function of both applied biasing 
displacement field and wavelength was learned and discretized into a matrix. With an active area 
footprint of only 9� 16 mm2, the spectrometer realized a moderate resolution of �90 nm in the 
wavelength range from 4 to 7 mm. The CO2 absorption fingerprint was also successfully captured 
by this spectrometer. Later, Yoon et al. reported a computational spectrometer based on a single 
van der Waals (vdW) junction with an electrically tunable transport-mediated spectral 
response.[251] A MoS2/WSe2 heterojunction was chosen because of its distinct spectral response 
due to the gate-tunable photovoltaic effect from the visible to the NIR. A high spectral resolution 
of 3 nm and a broad operation bandwidth from 405 to 845 nm were achieved. Single-detector 
computational spectrometers similarly leveraging voltage-tunable photoresponse have also been 
realized by ReS2/Au/WSe2 heterojunction in the NIR,[252] BP/MoS2 heterojunction in the 
MIR,[253] and AlGaAs/GaAs p-graded-n junction in the visible/NIR.[254] Advances have also been 
witnessed in waveguide-based computational spectrometers in recent two years. Spectrometers 
utilizing a single tunable waveguide structure such as a photonic molecule consisting of two iden
tical MRRs,[255] a six-stage cascaded MZI,[256] and a multimode cavity formed by a waveguide 
array and delay lines,[257] are demonstrated with pm-level resolution and broad bandwidth of 
over 100 nm in the NIR. Nonetheless, these works rely on power-consuming thermo-optic tuning. 
Electrostatic MEMS enables effective tuning with ultralow power consumption. Qiao et al. pre
sented an MIR spectrometer using an electrostatic-MEMS-reconfigurable directional coupler as 
shown in Figure 7(e).[258] The transmission at the through/drop port is a function of both applied 
voltage and wavelength. The spectrometer features a large bandwidth of 350 nm and a fine 
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resolution of 3 nm. Using it, the broadband absorption spectrum of N2O from 3.82 to 4.02 mm 
was retrieved. Although the spectroscopic sensing demonstrations in the above-mentioned works 
were performed using external gas cells, spectroscopic sensing nanosystems featuring on-chip 
integration of sensors and spectrometers can be envisioned, especially for the waveguide-based 
scheme.

Besides spectrometers, another way to implement spectroscopy is to use tunable light sources. 
A fully integrated photonic chip sensor for NIR trace gas spectroscopy was demonstrated by IBM 
in 2019.[259] This sensor comprises a heterogeneously integrated III-V laser/detector chip coupled 
to a Si external cavity for broadband tuning, a long waveguide element (>20 cm) for ambient 
methane sensing, and a sealed methane reference cell for real-time calibration. Within the exter
nal cavity (prior to the Bragg reflector), a phase-heater and microring tuning element provide 
synchronized tuning to maintain broadband tunability (>2 nm) while maintaining single-mode 
lasing operation. Full-stack testing of the integrated sensor chip yielded sub-100 ppmv∙Hz−1/2 sen
sitivity. Moving to the MIR, the integration progress was first observed at the detector part. Su 
et al. demonstrated an MIR chalcogenide glass waveguide sensor monolithically integrated with a 
PbTe detector, as illustrated in Figure 7(f).[260] The PbTe channel, metal contacts, and chalcoge
nide glass waveguide were deposited and patterned orderly by liftoff procedures on a Si substrate. 
Using a 5-mm-long spiral waveguide and biasing the detector at 100 lA current, the integrated 
sensing system realized absorption spectroscopic sensing of methane gas with an LoD of 1% at its 
absorption peak of 3.31 lm wavelength. Nonetheless, chalcogenides are generally not considered 
compatible with CMOS foundry processes. For Si photonics, the MIR waveguide sensors with 
integrated detectors were first witnessed by flip-chip bonding of MEMS thermopile IR detector 
onto SOI waveguide sensors.[195] On-chip spectroscopic sensing of N2O at around 3.89 lm was 
demonstrated and an LoD of 0.18% was estimated. For wavelengths beyond 4 lm, the develop
ment of waveguide-integrated photodetectors faces challenges from both waveguide platforms and 
photodetection technologies. For waveguide platforms, although the suspended Si platform can 
fully leverage Si’s transparency window up to 8 lm, the suspended structures pose difficulties in 
following processes and further integration. For photodetection technologies, graphene is a suit
able choice for waveguide-integrated photodetectors at long MIR wavelengths as discussed above. 
The gapless nature endows graphene with high-speed broadband photoresponse from UV to THz 
while also resulting in a large dark current when bias is applied. Zero-bias operation is thus pre
ferred, which, however, sacrifices the photocarrier collection efficiency. Additionally, graphene’s 
absorption becomes weaker at longer IR wavelengths as the photon energy decreases. Thus, a 
strategy is desired to improve the performance of graphene photodetectors to meet the require
ment of MIR on-chip sensing systems. Ma et al. developed waveguide-integrated zero-bias photo
detectors operating beyond 6 lm based on heterogeneous integration of graphene photodetectors 
and Si waveguides on CaF2 substrates, as shown in Figure 7(g).[39] To address the waveguide plat
form issue, a simple transfer printing method utilizing a microstructured polydimethylsiloxane 
(PDMS) stamp was developed to facilitate the transfer of large-scale membranes containing wave
guides from the SOI device layer onto CaF2 substrates with high yield. The transfer-printed 
SOCF waveguides show low losses in the broad wavelength range of 6.3–7.1 lm. The photodetec
tion technology issue was addressed by employing waveguide-integrated graphene photodetectors 
with a ground-signal-ground (GSG) electrode configuration. The signal electrode on top of the 
waveguide not only enables zero-bias photodetection by locally changing graphene’s doping level 
and forming p-pþ junctions at its both sides but also provides plasmonic enhancement of the 
electric field as two hot spots its both sides. The overlap leads to a significant performance 
improvement of the graphene photodetector. The graphene photodetector achieved a broadband 
responsivity of �8 mA/W, which is comparable with those of NIR counterparts. They further 
integrated the graphene photodetector with a SOCF folded waveguide and demonstrated on-chip 
absorption sensing using toluene as an example. 0.72% toluene was experimentally detected. 
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The above results pave the way to the realization of chip-scale, low-cost, and low-power-con
sumption MIR spectroscopic sensing systems. Nevertheless, more efforts are needed to integrate 
light sources and/or spectrometers with the sensors and detectors.

The integration of microfluidics with sensors is also important. Microfluidic channels not only 
deliver liquid and gas analytes to the vicinity of sensors but also confine the analytes to enhance 
their interaction with the external optical fields of the sensors. Microfluidics, typically made of 
PDMS and fabricated by standard soft lithography and mold-replica techniques, has been widely 
adopted in both free-space and waveguide sensors.[19,23,261] Nonetheless, the light-matter inter
action enhancement provided by microfluidics is limited as both the hot spots of plasmonic sen
sors and the evanescent fields of dielectric sensors are at the scale of only tens to hundreds of 
nanometers. To overcome this bottleneck, the concept of hybrid plasmonics-nanofluidics has 
been proposed and demonstrated to be effective.[262,263] Recently, Xu et al. developed a nanoan
tenna SEIRA platform with an integrated nanofluidic channel, as shown in Figure 7(h).[264] The 
nanofluidic channel was fabricated using a low-temperature interfacial heterogeneous direct bond
ing technique to bond Al2O3 with SiO2 at the wafer level. The transition layer thickness, which is 
also the maximum error for nanogaps caused by the bonding, is only 3.3 nm. Thus, the nano
meter-scale gap distance can be precisely controlled by the SiO2 etching depth. With a 55 nm 
nanogap, A small acetone concentration change of 0.29% was distinguished and an ultrahigh sen
sitivity (0.8364 pmol−1%) was achieved. The nanofluidic techniques can also be potentially 
employed in waveguide sensors to improve their sensing performances.

4. Optical communication, computing, and imaging

In addition to the above-reviewed sensing applications, communication, computing, and imaging 
are other important application categories of optical devices in the IoT and 5G era, and often 
share similar technologies during the evolution from optical MEMS and nanophotonics to pho
tonic nanosystems.

4.1. Optical MEMS for communication, computing, and imaging applications

Optical beam steering is critical in various applications including optical communication,[17,265] 

imaging,[266,267] light detection and ranging (LiDAR),[268] optical coherence tomography,[269] and 
laser machining.[270] Principally, optical beam steering requires the dynamical forming or orient
ing of a focused or collimated laser beam. For many applications, beam scanning over a 2D angu
lar range is required. For example, in LiDAR applications, beam scanning is required to 
reconstruct the 3D images with accurate distance information; in optical communications, the 
variable optical attenuator (VOA) is used to maintain a flattened gain profile after the multi
plexed signal has been demultiplexed.

Current beam steering technologies rely mostly on MEMS-based tuning, through either elec
trothermal,[271,272] electrostatic,[273,274] piezoelectric,[275,276] electromagnetic,[277,278] or hybrid 
mechanisms.[279,280] The MEMS approach for beam steering typically has unrivaled advantages in 
terms of size, speed, and cost over other types of laser scanners, making them commercial-ready 
and ideal for a wide range of applications. One of the most common approaches to enable 
MEMS actuation is the electrothermal method, known for its large displacement and high force 
output. While well-studied U-shaped and V-beam actuators only allow one directional displace
ment without self-maintained states,[281–283] Chen et al. proposed a novel latched H-beam actu
ator to demonstrate two-way motion and bi-stable actuation for optical switch application, as 
presented in Figure 8(a).[40] The electrical load can be applied to one side of the H-beam, which 
will deform to generate an elongation along the designed direction. The bi-stable function is 
enabled by the buckle spring beams on both sides of the device which are anchored on the 
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substrate. The buckle spring can maintain its original arched shape unless enough force is applied 
to overcome the energy barrier for the state transition. With such H-beam actuators, 2� 2 optical 
switches are demonstrated with a switching time of 5 ms under a 25 V DC pulse and an insertion 
loss of 0.8 dB. Another well-deployed actuation mechanism for VOA is electrostatic actuation. In 
2006, Yeh et al. proposed a MEMS VOA using electrostatic rotary comb actuators, as presented 
in Figure 8(b).[284] While axial comb actuators are commonly used in a majority of the planar 
configurations, the rotary comb actuators may achieve a wider attenuation range in faster 
dynamic response and lower driving voltages. The rotation angles of the VOA are determined by 
the balance between electrostatic torques from the comb actuators and mechanical torques stored 
at the deformed springs. By utilizing 45� tilted mirrors and mender springs, this rotary VOA 
exhibits attenuation above 40 dB and a switching time of 3 ms, given the required DC voltage of 
only 4.2 V. Piezoelectric actuation has also been applied to achieve large mechanical displace
ments or rotation angles in VOA. By leveraging lead zirconate titanate (PZT) cantilever beams, 
Koh et al. demonstrated a 3D MEMS VOA with combined rotational and translational effects, as 
depicted in Figure 8(c).[285] With multilayers of Pt/Ti/PZT/Pt/Ti deposited as electrode materials 
on top of Si beams, the cantilevers will bend under the DC bias. In this PZT 3D MEMS VOA, 
ten individual PZT cantilevers are arranged in parallel along one side of the Si mirror. As a result, 
both bending mode and torsional mode can be achieved by applying balanced or imbalanced 
biasing voltages, enabling the mirror to rotate along both the x- and y-axes. Particularly, the 
bending mode of this VOA only requires a bias of 1 V to achieve a 40 dB dynamic range, whereas 
1.8 V for the same amount of attenuation during the torsional mode. Straightforwardly, 2D raster 
scanning applications by the same piezoelectric-driven mirror were investigated.[275,276] 

Furthermore, Koh et al. proposed a simplified design featuring a single S-shaped PZT piezoelec
tric actuator, which can also be operated at both bending and torsional modes. 2D scanning mir
rors based on this design have also been demonstrated.[286,287] Hybrid actuation mechanisms, i.e., 
the combination of two or more of the actuation mechanisms, can enable unique and sophisti
cated functions in optical beam steering. Figure 8(d) presents an approach demonstrating 2D 
scanning using a single mirror with integrated electrothermal and electromagnetic actuation 
mechanisms.[28] The electromagnetic actuation is adopted for the fast-scanning axis due to its low 
driving voltage and CMOS compatibility. The electrothermal actuation is adopted for the slow- 
scanning axis due to its large static or dynamic displacement characteristics. As a result, an 

Figure 8. Optical MEMS for communication, computing, and imaging applications. (a) Electrothermal MEMS optical switch. 
Reproduced with permission from Ref.[40]; (b) MEMS VOA using electrostatic rotary comb actuators. Reproduced with permission 
from Ref.[284]; (c) piezoelectric MEMS 3D VOA with combined rotational and translational effects. Reproduced with permission 
from Ref.[285]; (d) hybrid electromagnetic and electrothermal MEMS 2D scanning mirror. Reproduced with permission from 
Ref.[28]; (e) MEMS reconfigurable interpixelated metasurface for independent tuning of multiple resonances in the THz. 
Reproduced with permission from Ref.[298]; (f) MEMS-tunable dielectric metasurface lens. Reproduced with permission from 
Ref.[299]; (g) MEMS-tunable chiral metasurfaces. Reproduced with permission from Ref.[300]
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optical scan angle of ±1.5� for the 74 Hz vertical scan at 12 mW for electrothermal actuation and 
that of ±10� for the horizontal scan frequency of 202 Hz at 1.26 mA and 1 V bias voltage for elec
tromagnetic actuation. Similarly, 3D VOA applications based on the same hybrid-driven mirror 
were also demonstrated.[288,289]

On top of the MEMS mirror-based beam steering technologies, recently flourishing tunable 
metasurfaces hold the promise of integrated beam steering devices with high tuning speed and a 
wide tuning range. The combination of advanced MEMS technology with metasurfaces has enabled 
various applications, ranging from fundamental functions, such as the modulation of intensity,[290] 

wavelength,[291] bandwidth,[292] and electromagnetically induced transparency (EIT),[293] to more 
sophisticated devices, such as beam scanner,[294] tunable waveplate,[295] and resonant cloaking.[296] 

The tunability of metasurfaces also provides a new degree of freedom to manipulate the light-mat
ter interaction in the subwavelength regime.[297] In 2015, Pitchappa et al. reported a microelectro
mechanically reconfigurable interpixelated metasurface for independent tuning of multiple 
resonances in the THz spectral region, as shown in Figure 8(e).[298] An electrically isolated split 
ring resonator (SRR) and an electrical split ring resonator (eSRR) are arranged to form the meta
material supercell. Each of the unit cells is independently addressed and can be programmed. Both 
the magnetic resonance and electrical resonance can be excited due to both asymmetry and sym
metry existing in the metamaterial supercell, with the resonance at 0.59 and 0.45 THz, respectively. 
To achieve active reconfiguration, the SRRs are partially released and their position can be electro
statically controlled by the DC bias. Active switching of either magnetic or electrical resonance 
only, or simultaneous switching of both, has been experimentally demonstrated, while the electrical 
resonance can be switched from 0.45 to 0.4 THz, the magnetic resonance can be switched from 
0.59 to 0.35 THz. With both tuning of SRR and eSRR, the excitation of both magnetic and electrical 
resonance is located at 0.375 THz. This programmable metasurface has immense potential to dem
onstrate tunable filters, spatial light modulators, or gradient metamaterials. In the optical regime, 
all-dielectric metasurfaces offering a dissipationless alternative to current metallic ones to manipu
late light at the nanoscale, are very versatile for wavefront control and beam steering. In 2018, 
Arbabi et al. demonstrated MEMS-tunable dielectric metasurface doublets, as shown in Figure 8(f), 
with one stationary metasurface on a glass substrate and a moving metasurface on a SiNx mem
brane.[299] The moving membrane can be electrostatically actuated to change the distance between 
the two metasurfaces, forming a focal length-tunable varifocal lens. With the well-designed high- 
contrast dielectric metasurfaces, the lens achieved more than 4% change in the optical power upon 
a 1-lm movement of the moving membrane. The potential scanning frequency can reach a few 
kHz, which is suitable for applications in ultra-compact optical systems. Active control of metasur
faces can also offer numerous new opportunities for diverse optical engineering such as tuning of 
guided-mode resonances or optical polarization. In 2021, Kwon et al. demonstrated active control 
of strong chiroptical responses in dielectric metasurfaces with reflective circular dichroism 
(CD).[300] As presented in Figure 8(g), the metasurfaces are composed of two sets of doped Si nano
structures, which can be electrostatic force-driven to change the gap size between two neighboring 
beams in different sets. When the structure is at its initial state, the right circular polarized (RCP) 
light will transmit without a flip of the handedness, while the left circular polarized (LCP) light will 
transmit with reversal of handedness. When the bias is applied, the chiroptical properties of the 
metasurfaces will be continuously modulated, consequently, exhibiting negligible chiroptical 
responses at the target wavelength. The devices enable continuous control of CD by induced elec
trostatic forces from 0.45 to 0.01 with an electrical bias below 3 V.

4.2. Nanophotonics for communication, computing, and imaging applications

Advancing from optical MEMS for communication and imaging applications, where MEMS-actu
ated mirrors are the dominating configuration, the advancement in on-chip integrated 
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nanophotonics has made the device more compact and scalable over the past several years. 
Among these nanophotonic devices, large-scale photonic switches are one of the essential building 
blocks in modern-day communication networks, computing units, and data centers that process a 
high amount of data flow. Figure 9(a) shows large-scale Si photonic switches based on moveable 
directional couplers.[29] A total of 50� 50 photonic switches working in the NIR wavelength 
range can be individually actuated by an electrostatic MEMS cantilever, achieving arbitrary light 
rerouting. The actuation voltage required is 14 V and the switching time is 2.5 ls, while the 
extinction ratio is 26 dB. However, due to the thermal-induced metal bending of the cantilever, 
inevitable fabrication deviations between devices will lead to non-uniform actuation voltage 
required at every single switch, and ultimately increase the control difficulties of the system. As a 
result, the same group demonstrated an even larger photonic switch array consisting of 64� 64 
switches with MEMS-actuated vertical adiabatic couplers, as shown in Figure 9(b).[301] The 
improved vertical couplers with stoppers can control the light coupling more precisely and 
robustly. Consequently, the switching speed has increased to 0.91 ls and the extinction ratio 
reaches 60 dB over a wide operation bandwidth of 300 nm. The use of electrostatic actuation for 
MEMS photonic switch operation has seen more applications and configurations in recent years, 
due to the excellence in low power, fast operation speed, and scalability.[302–304] While most of 
the MEMS photonic switches have been developed for NIR operation, it is important to extend 
the working wavelengths to MIR to further complete the functional device library of PICs. Qiao 
et al. demonstrated the first MEMS photonic switch in MIR wavelengths of 3.85–4.05 lm.[305] 

Due to the device dimension upscaling to transmit the MIR signal, a flip-chip bonding technique 
was adopted to create a larger vertical space for actuation. The fabricated device has achieved an 
actuation voltage of 90 V and a response time of 8.9 ls with a −20 dB bandwidth of 100 nm. In 
addition to switches, tunable power couplers, phase shifters, and add-drop filters have also been 
realized through the integration of Si photonics and electrostatic MEMS actuators,[306,307] driven 
by the European Horizon 2020 project MORPHIC (Mems-basmorerO-power Reconfigurable 
PHotonic ICs) aiming to develop a platform for programmable PICs.[308] Like the evolution of 

Figure 9. Nanophotonics for communication and imaging applications. (a) NIR 50� 50 photonic switches with MEMS-actuated 
directional couplers. Reproduced with permission from Ref.[29]; (b) NIR 64� 64 photonic switches with MEMS-actuated vertical 
adiabatic couplers. Reproduced with permission from Ref.[301]; (c) MIR photonic switch with MEMS-tunable waveguide coupler 
and fabricated by flip-chip bonding. Reproduced with permission from Ref.[305]; (d) PCM-based multilevel photonic memristive 
switch. Reproduced with permission from Ref.[313]; (e) photonic in-memory computing using a waveguide-integrated PCM cell. 
Reproduced with permission from Ref.[30]; (f) optical phased-array sources based on nonlinear metamaterial nanocavities for vari
ous beam-shaping applications. Reproduced with permission from Ref.[322]
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electronic integrated circuits from application-specific integrated circuits (ASICs) to field-pro
grammable gate arrays (FPGAs), programmable PICs have emerged as a powerful technology for 
advanced applications including high-speed communication, neuromorphic computing, and quan
tum information processing.[309] Besides electrostatic actuation, piezoelectric actuation is another 
demonstrated MEMS tuning mechanism for programmable PICs.[310] Dong et al. introduced a 
large-scale programmable Mach-Zehnder mesh (MZM) platform made in a 200 mm CMOS foun
dry.[311] The MZM is composed of MZIs with piezo-optomechanical phase shifters as illustrated 
in Figure 9(c). An applied voltage across the AlN piezoelectric actuator results in strain imparted 
to the optical waveguide, enabling low-loss propagation with phase modulation at greater than 
100 MHz in the visible-NIR wavelengths. Moreover, the vanishingly low hold-power consumption 
of the piezoelectric actuators enables these PICs to operate at cryogenic temperatures, paving the 
way for a fully integrated device architecture for a range of quantum applications.

In recent years, a novel type of photonic switch based on phase change material (PCM) has 
gained research interest due to its miniaturization and nonvolatility. One common PCM being 
widely explored is germanium-antimony-tellurides (GST), which can be changed between 
amorphous and crystalline states under external excitation.[312] Figure 9(d) has reported a multi
level optical memristive switch using PCM.[313] A small dot of GST is deposited on top of a pho
tonic multimode interferometer with p-doped Si as conducting channel. When the GST is 
changed to the amorphous state under an external voltage pulse, the insertion loss could reach 
4 dB while the transmission contrast between amorphous and crystalline states could reach 
18.59 dB. Moreover, the transmission could be further divided into multiple states depending on 
the amorphous level of the GST, thus achieving multilevel switching. PCM multilevel memristive 
switch is further utilized to realize in-memory computing.[30] Figure 9(e) sketches the operation 
principle. The device relies on the near-field coupling between the propagating optical mode 
inside the waveguide and a GST segment placed on top of the waveguide to absorb enough 
energy to crystallize or amorphize. Because most PCMs have a nonnegligible imaginary RI in the 
visible and NIR wavelength range, light is attenuated in different amounts depending on the 
phase configuration of the material, which gives rise to differentiable transmitted signals, thus 
encoding information. A write pulse PWrite is used to program a specific level of transmittance T 
of the device, which relies on the multilevel conditioning of the material. A second low-energy 
read pulse Pin propagates through the device, experiencing a transmittance given by the current 
phase configuration of the GST cell as conditioned by the pulse PWrite, but does not induce any 
change to the material. The power of the pulse of Pin at the output port, Pout ¼ T(PWrite) � Pin, 
is the result of the multiplication a� b by mapping the multiplicand a to T and the multiplier b 
to Pin. The idea of multiplication using a single PCM memory cell is subsequently extended to 
demonstrate matrix-vector operations using multiple PCM memory cells. More usage of different 
PCMs on different photonic devices has been reported to realize nonvolatile reconfigurable pho
tonics,[314,315] with demonstrations ranging from basic switch,[316] memory,[317] and synapse[318] 

functions, to advanced applications such as convolutional processing[319] and neuromorphic 
computing.[320]

Apart from the waveguide-based nanophotonic devices for on-chip communication and com
puting applications, nanoantenna-based nanophotonic devices have brought advancements to 
free-space communication and imaging applications. Dregely et al. demonstrated tunable optical 
beam steering with plasmonic nanoantennas.[321] Using the photoluminescence technique, the dis
tance dependence of the power transmission over the nanoantennas transmitter was quantified, 
and directional control over a wide angle of 29� was achieved through adjustment of the incident 
wavefront. Not only the direction of optical power can be altered, but Wolf et al. have also pro
posed nonlinear metamaterial nanocavities with the capability of producing arbitrary beam shape 
and polarization, as shown in Figure 9(f).[322] Through optical pumping of the nanocavity, a 
localized, phase-locked, and nonlinear resonant polarization is induced as a source for higher- 
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order resonance. By changing the nanocavity design, two second harmonic phased-array sources 
have been demonstrated around 5 lm wavelength for different optical functions, one as a beam 
splitter, and the other as a polarizing beam splitter.

4.3. Photonic nanosystems for communication, computing, and imaging applications

On top of the individual nanophotonic devices, there are more integrated photonic nanosystems 
for real-world communication, computing, and imaging applications that have been demonstrated 
over the past few years. The synergy between photonic nanosystems and self-sustainable wearable 
electronics has brought a new dimension to the research field of wearable photonics.[323,324] 

Owing to the high-speed and robust photonic signal transmission, the signals from wearable elec
tronics can be coupled with optical signals for more versatile applications such as robust nano
photonic human-machine interfaces and optical-biometric encryptions. Specifically, textile-based 
triboelectric nanogenerators (T-TENG) which can be fully integrated into daily worn clothes offer 
unique advantages of large output voltage, broad material versatility, cost-effectiveness, and good 
scalability,[325–328] and could significantly promote the development of the next generation wear
able photonics. Dong et al. from Prof. Lee’s group at NUS first demonstrated self-sustainable 
photonic modulation and continuous force sensing with a wearable triboelectric/AlN nano- 
energy-nano-system, as shown in Figure 10(a).[329] The high-voltage output from T-TENG 
matches well with the need to boost the efficiency of AlN modulators due to its moderate 
Pockels effect. At the same time, the AlN modulator could enable the open circuit operation 
mode of T-TENG, which makes it possible for continuous force sensing regardless of operating 
speeds. With such integration, optical Morse code transmission and human motion monitoring 
were demonstrated. On top of the force sensing, a wearable triboelectric-human-machine inter
face (THMI) with robust nanophotonic readout has been demonstrated.[330] Due to the conven
tional electrical readout in pulsed signals of THMI, there are inevitable losses and unstable 
information transfer processes.[331] The use of electro-optic-based AlN readout with negligible 
charge flow nature has brought unique advantages to the THMIs such as high-speed, stable, 

Figure 10. Photonic nanosystems for communication, computing, and imaging applications. (a) Integrated wearable photonic 
system with self-sustainable photonic modulation and continuous force sensing using T-TENG and AlN photonic MRR. 
Reproduced with permission from Ref.[329]; (b) biometrics-protected optical communication enabled by deep learning-enhanced 
triboelectric/photonic synergistic interface. Reproduced with permission from Ref.[31]; (c) photonic tensor core for in-memory 
computing using continuous-time data representation. Reproduced with permission from Ref.[337]; (d) large-scale active-con
trolled nanophotonic phased array working in the NIR with 64� 64 optical nanoantennas. Reproduced with permission from 
Ref.[342]; (e) universal solid-state 3D imaging sensor on Si photonics platform. Reproduced with permission from Ref.[32]; (f) Si 
photonics LiDAR based on MEMS platform with 128� 128 electrostatically actuated FPSA. Reproduced with permission from 
Ref.[353]
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real-time, and low-loss information transfer. As a result, the practical application of a smart glove 
with continuous real-time robotics control and VR/AR interaction has been validated. Since wear
able sensors carry lots of personalized information such as motion habits that can be uniquely 
associated with specific users, it is, therefore, an ideal candidate for biometric encryption of 
optical data transmission. At the same time, due to privacy concerns over facial recognition data 
protection, contact-based biometrics such as gloves and smart mats are favored so that more priv
acy can be controlled.[332–334] Together with the help of deep learning algorithms, biometrics-pro
tected optical communication by triboelectric/photonic synergistic interface was presented, as 
shown in Figure 10(b).[31] The optical signal was loaded with biometric information at zero 
power consumption, and through multiplexing and demultiplexing process with a deep learning 
algorithm, the identification of 15 different users was demonstrated at an accuracy of 95% irre
spective of biometric information data types. Such integration technology has certainly broadened 
the applications of secured smart home control and secure communication while offering a low- 
cost and easy-to-access solution.

As discussed in the last section, photonic matrix-vector multiplication (MVM) is emerging as 
a next-generation alternative to electronic MVM with the advantages of low latency, low energy 
consumption, and high degrees of freedom (DOFs).[335] In the past decade, photonic MVM using 
PICs has flourished.[336] In all the reported PIC-based MVM processors, two DOFs are accessible 
by the input data, that is, space and wavelength, allowing a 2D array input. Very recently, Dong 
et al. demonstrated a computing architecture in hardware that allows 3D array inputs for higher- 
dimensional MVM by adding an additional RF DOF.[337] Figure 10(c) conceptually illustrates the 
data architecture and working principle of the photonic tensor core for in-memory computing 
using continuous-time data representation. The RF modulation of photonic signals is introduced 
to increase parallelization, adding an additional dimension to the data alongside spatially distrib
uted nonvolatile PCM memories and wavelength multiplexing. Higher-dimensional processing is 
leveraged to configure such a system to an architecture compatible with edge computing frame
works. This system achieves a parallelism of 100, two orders higher than implementations using 
only the spatial and wavelength degrees of freedom, providing a viable path for ultraparallel pho
tonic computing to deal with the surging computational load imposed by IoT and 5G.

The advancement from optical MEMS and nanophotonics to photonic nanosystems has also 
been witnessed in imaging technologies. Apart from MEMS mirror, optical phased array (OPA) is 
another popular technology for beam steering. Initially only demonstrated in one-dimension or 
small-scale two-dimensions,[338–341] OPA has certainly seen larger-scale integration with compact 
chip size. Figure 10(d) depicts a large-scale nanophotonic phased array working in NIR wave
lengths.[342] The array consists of 64� 64 optical nanoantennas that have been precisely balanced 
in power and aligned in phase to generate radiation patterns in the far field. Furthermore, 
dynamic beam steering and shaping have been demonstrated with an 8� 8 array through ther
mal-optic tuning. Further integration of phased arrays with detector arrays to form a full 3D 
imaging system has been validated by Rogers et al. in Figure 10(e).[32] Owing to the advance
ments in monolithic integration of photonic and electronic circuits, the detector array has 
achieved an accuracy of 3.1 mm at a distance of 75 m while consuming only 4 mW light power. 
The system can be highly scalable and with the size of a consumer camera sensor, it could yield 
resolutions over 20 megapixels. With previously reported 3D imaging systems having a limited 
resolution of fewer than 20 pixels due to difficulties in providing the electrical and photonic con
nections at every pixel,[343–345] this work has certainly been a leap in terms of integration level by 
combining the optical heterodyne detector array with integrated electrical readout architecture to 
achieve over 20 times enhancement in resolution. On-chip integrated solid-state LiDAR has been 
a research frontier for photonic beem-steering devices with requirements of high speed, large field 
of view (FoV), and high resolution. Within the two common architectures of OPA and focal 
plane switch array (FPSA), the former type requires precise amplitude and phase control of the 
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optical antennas to achieve random access beam scanning.[346–349] The FPSA on the other hand 
could be easily integrated with a small footprint due to the camera-like optical system where mul
tiple pixels could share a common LiDAR ranging unit.[345,350–352] Zhang et al. have recently 
demonstrated a MEMS-based Si photonics LiDAR with 16384 pixels, as shown in Figure 
10(f).[353] The whole system consists of a 128� 128 FPSA of monolithically integrated grating 
antennas and MEMS-actuated photonic switches. The fabricated LiDAR has a wide FoV of 
70��70�, a fine addressing resolution of 0.6��0.6�, and a narrow beam divergence of 
0.050��0.049�. In addition, the device has a random-access beam addressing operation speed 
of sub-MHz and a 3D imaging resolution of 1.7 cm. The exceptional performance and CMOS 
compatibility have certainly paved the way for mass-produced commercial-ready 3D imaging sen
sors that can be used for autonomous vehicles, drones, robots, AR headsets, and smartphones. In 
addition to 3D imaging sensing applications, the FPSA can also be used in other applications that 
require optical beam steering, such as free-space optical communication and trapped-ion quan
tum computing.

5. Conclusion and outlook

Recent progress in the development of optical sensing and actuation technologies for diversified 
applications is comprehensively reviewed in this paper. The technology evolution trend from 
optical MEMS to nanophotonics and then to photonic nanosystems is clearly observed, pushing 
the improvement of device compactness, system integration level, performance, and functionality 
for the IoT and 5G era. The development milestones of optical sensing and actuation technologies 
surveyed in this review help us to foresee future development directions mainly as the next two 
points:

One is further improvement of the system integration level. Despite the impressive progress 
made in photonic nanosystems, large space remains for their development toward practical appli
cations. Starting from free-space optical MEMS, many advancements have been witnessed in the 
integration of MEMS with photonic waveguide devices and PICs. However, the demonstrations 
are still limited to basic functional blocks and photonic ASICs for specific applications. Therefore, 
more efforts are needed for the realization of generic programmable PICs or photonic FPGAs to 
deploy sensors and actuators on a large scale and with low cost.[354,355] Compared with the well- 
developed NIR, the system-level development in the attractive MIR wavelength range significantly 
lags behind. Although various 2D materials have shown great potential for MIR waveguide-inte
grated photodetectors, wafer-scale synthesis and waveguide integration remain challenges for 2D 
materials.[356–358] Moreover, the MIR waveguide integration of other active components such as 
light sources and modulators is relatively stagnant as compared with photodetectors, hindering 
the realization of fully integrated MIR photonic nanosystems.[22,359,360] Although the synergy 
between photonic nanosystems and wearable electronics has brought a new dimension to the 
research field of wearable photonics, the reported works as reviewed in section 4.3 still use dis
crete rigid photonic chips, optoelectronic components, and wearable electronic devices. Their 
integration into a wearable stand-alone working system remains an essential step toward practical 
applications. When integrated into the wearable system, the comfortability and stability under 
strain/stress need to be considered for photonic and optoelectronic components, for which the 
emerging flexible/stretchable photonics and optoelectronics could be useful.[25,361,362]

The other is synergy between optical sensing/actuation technologies and other advanced tech
nologies for higher performances and more functionalities toward widespread applications. As 
reviewed in sections 2.2 and 3.2.2, AI techniques, as emerging and appealing methodologies for 
data analysis, have been recently utilized to improve the intelligence of photodetectors for multi- 
property detection and chemical sensors for mixture sensing. More advanced AI techniques and 
models can be utilized and applied to add intelligence to more applications including but not 
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limited to physical sensing, communication, and imaging. Besides, as discussed in sections 4.2
and 4.3, high-performance implementations of neural networks have been realized by PICs. 
Therefore, the combination and even on-chip integration of nanophotonic sensors and neural 
networks are envisioned for edge computation in sensor networks. Furthermore, AI techniques 
can also be employed for the inverse design of nanophotonic devices. After being trained with 
random initial populations of nanostructure geometries and their known spectra, the deep neural 
networks are able to predict the spectral response of new nanostructure designs, as well as design 
new nanostructures based on the wanted spectral response.[224,363] In addition to AI techniques, 
the synergy between optical sensing/actuation technologies and various state-of-the-art technolo
gies can be explored, such as NOEMS,[364] quantum photonics,[365] topological photonics,[366] 3D 
printing,[367] just to name a few, to bring optical technologies and their applications to a brand 
new era.
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