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Single photon light detection and ranging (LiDAR) has the advantages of high angle and
distance resolution, great concealment, a strong anti-active jamming capability, small
volume, and light mass, and has been widely applied in marine reconnaissance, obstacle
avoidance, chemical warfare agent detection, and navigation. With the rapid development
of metamaterials, the performance of a single photon LiDAR systemwould be improved by
optimizing the core devices in the system. In this paper, we first analyzed the performance
index of the single photon LiDAR and discovered the potential of metamaterials in
improving the system performance. Then, the influence of metamaterials on the core
devices of the single photon LiDAR were discussed, including lasers, scanning devices,
optical lenses, and single photon detectors. As a result, we have concluded that through
effective light field modulation, metamaterial technology might enhance the performance
innovation of the single photon LiDAR.
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1. INTRODUCTION

Inspired by how bats fly, Christian Schuesmaier invented the first radar in the world in 1904. As the
combination of traditional radar technology and modern laser technology, light detection and
ranging (i.e., LiDAR) is an advanced remote sensing technology, whichmainly uses the light reflected
from obstacles to determine the actual position information of the target object. Compared with the
conventional microwave radar, LiDAR has the advantages of higher angle and distance resolution,
greater concealment, stronger anti-active jamming capabilities, better low-altitude detection
performance, smaller volume, and lighter mass.

In recent years, LiDAR based on single photon detectors, i.e., single photon LiDAR, has gradually
emerged and developed rapidly with the development of single photon detection technologies. With
higher detection limit distance and resolution, the single photon LiDAR can achieve
multidimensional data, such as azimuth-pitch angle-distance, range-speed-intensity, and display
the data in the form of images to obtain radiation geometric distribution images, range-gate images,
and velocity images, which has wide applications. First, it is an important means of reconnaissance
[1]. For marine reconnaissance, LiDARwas used for the detection and location of water targets [2–5],
wave detection [6, 7], and the reconnaissance of sea gas [8]. Then, for land reconnaissance, LiDAR
was used for the global monitoring of Earth’s ice sheet mass balance [9], aircraft height detection, and
topographic surveys [10, 11]. Third, for atmospheric reconnaissance, LiDAR was used for cloud-
aerosol detection [12, 13], checking wind speed, and measuring the real-time wind field [14]. For
obstacle avoidance, LiDAR promotes the use of driverless cars [8, 15], unmanned ships [16, 17], and
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unmanned erial vehicles [18, 19]. Besides, LiDAR can be used for
chemical warfare agent detection [20] and navigation [21].

In the following, we analyze the performance index of a single
photon LiDAR in section 2, study the influence of metamaterials
on a single photon LiDAR in section 3, and finally underline the
upcoming prospects for LiDAR in section 4.

2. THE PERFORMANCES INDEXOF SINGLE
PHOTON LIDAR

2.1. Measurement Position Accuracy
For LiDAR, the higher the accuracy, the better. The data obtained
by LiDAR can be used for obstacle identification, and dynamic
object detection and location. If the accuracy is too poor, the
above objectives cannot be achieved. However, high precision
requires high object configuration requirements, which may have
too large a volume. The factors affecting the measurement
accuracy include noise, pulse width and time resolution, and
the average signal photon number in echo signals.

Noise. The lower the noise, the higher the accuracy of the
single photon LiDAR. Reducing the error caused by noise plays
an important role in improving the measurement accuracy. The
dark count of a single photon detector is a noise contributor
which usually causes measurement errors [22]. For the single
photon avalanche photodiode (SPAD), a type of single photon
detector, the metamaterial integration technology provides a
novel way to achieve high photon detection efficiency (PDE),
without changing the device structure which obtains low dark
counts and good time resolution [23].

Pulse width and time resolution. The pulse width of a laser
usually refers to the duration when the laser power is maintained
at a certain value. The time resolution of the detector is the
minimum recognizable time interval of incident signals. With the
increase of pulse width and poorer time resolution, the wider the
range of distance statistical discrete distribution is, the lower the
measurement accuracy. The pulse shaping technology by
metamaterials enables narrower pulse width from the light
source.

Average signal photon number in echo signals. When the echo
signal is weak, the probability of target detection is low, while the
measurement accuracy increases rapidly with the increase of echo
signal strength [24, 25]. When the intensity of the echo signal
reaches a critical value, the probability of the target detection
tends to 1. It is worth mentioning that, compared with traditional
SPAD, SPAD with metamaterials on the device surface have the
advantage of higher PDE which promote higher probability of the
target detection even on the condition of fewer photons in the
echo signal. Besides, the meta lens technology could effectively
focus photons in the echo signal on the detector.

2.2. Measurement Limit Distance
Different applications have different requirements for the
detection range of LiDAR. For example, to be able to detect
vehicles ahead on a highway, a telescope needs to be equipped
with LiDAR for long-range ranging. The process of pulse laser
ranging is generally as follows: launch laser pulse to the target

under test, and a time probe for the launch of the laser pulse is
recorded. After detecting the echo signal time, the measurement
distance is calculated by the basic formula,

D � c · t
2

(1)

where D is the distance between the detector and the detected
target; t is the round trip time of laser pulse; and c is the speed of
light [26]. The measurement limit distance of LiDAR is
dependent on the effective time detection of the echo signal.
Therefore, a single photon detector with stronger weak light
detection capabilities and good time resolution makes a single
photon LiDAR with further measurement limit distance,
compared with conventional LiDAR. SPAD integrated with
metamaterials is an important approach. Moreover, the vortex
beam or polarized laser produced by the metamaterials
technology endows the LiDAR system with stronger anti-
interference abilities and further measurement limit distance.

2.3. Angular Resolution
Resolution refers to the ability to distinguish between the left and
right adjacent targets at a certain distance. The smaller the
angular resolution, the smaller the target that can be resolved,
so that the measured point cloud data are more delicate. The
angular measurement accuracy of general obstacle avoidance
LiDAR is only about 0.1°, while the angular resolution of
mapping LiDAR is generally 0.001° or even lower. When the
mono-pulse method is used to measure the azimuth and pitch
angle of the target, the angular resolution mainly depends on the
antenna beamwidth and signal-to-noize ratio (SNR) [27]. The
wider the beam width is, the stronger the directivity of the LiDAR
beam is, and the better the resolution of corresponding direction
is. The SNR also affects the resolution and plays an important role
for the improvement of the measurement accuracy of diagonal
resolution. Therefore, the wider the antenna beam and the higher
the SNR, the higher the angular resolution of the LiDAR will be.
H igher PDE can be achieved for SPAD integrated with
metamaterials, which promotes higher SNR for the single
photon LiDAR. In addition, the anti-interference light source
and focusing lens realized by metamaterials technology also
provides higher SNR.

2.4. Imaging Speed
Most imaging LiDAR uses the imaging technology of single pixel
detector LiDAR. The scanning optical system points the
transmitting pulse to the target, and the echo intensity reflects
the specific reflectivity of the target. The scanner hits the beam at
different positions on the target according to a certain scanning
pattern, and the image of the target can be obtained through the
receiving system. The image speed is usually limited by the
scanning speed. Compared with a conventional mechanical
scanning method, the laser beam steered by the metamaterials
technology provides a possibility of faster scanning.

2.5. Cost
High performance LiDAR with fast imaging speed and long
measuring distance, usually requires a lot of hardware with
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high cost, including the manufacturing and functional
components [28]. Single-photon LiDAR is widely used, such
as human eye safety LiDAR [29] and atmospheric signal-to-
noize ratio detection in laser remote sensing [30]. A wide range of
applications makes the single photon LiDAR more valuable and
promotes lower cost. Generally, metamaterial has supernormal
physical properties that natural materials do not possess, and it
can flexibly adjust and control the phase, amplitude, polarization,
and other characteristics of electromagnetic waves through the
micro-structure of the subwavelength, as well as being easy to
integrate [31]. This means that metamaterial may contribute to
the realization of small size, high integration, and low-cost single
photon LiDAR.

3. APPLICATION OF METAMATERIAL IN
SINGLE PHOTON LIDAR

The core optoelectronic devices in single photon LiDAR are a
laser, an optical lens, a scanning device (just for the scanning type
LiDAR), and a single photon detector. Because of the
development of metamaterials [32–38], the performance of
these core devices might be improved.

3.1. Light Source
Making full use of the designed metamaterial can help to
effectively regulate the laser light source, such as wavelength,
intensity, phase, and polarization. The second-order and third-
order nonlinear optical effects in metamaterials have a good
application prospect in the field of optical frequency
conversion. Through frequency conversion, coherent radiation
of various wavelengths can be obtained, which helps to
coordinate the light sources of appropriate wavelengths and
meet the needs of various practical applications [39]. The
nonlinear optical efficiency of the metamaterial is determined
by the macroscopic polarization of the metamaterial functional
unit and the microscopic polarization of the constituent material.
The control of the nonlinear optical field can be realized by
designing the material, geometry, and spatial order of the
metamaterial functional unit reasonably. It further overcomes
the limitations of natural materials in this respect. Compared with
3D metamaterials which are always limited by nano-processing
technology and high optical loss, 2D meta-surfaces are easier to
process and have relatively low optical loss, so it attracts much
attention in the aspect of nonlinear optical field regulation [40].
As a result, the wavelength range limited of the laser light source
can be expanded to the ultraviolet and deep ultraviolet area, and
make up the cost of expensive laser infrared or ultraviolet light
[41–43].

Andrew Forbes demonstrated the first meta-surface laser in
the world which produced “super-chiral light”: light with super
high angular momentum [44]. The new laser produced a new
type of high-purity “distorted light” that had never been seen
before, including the highest angular momentum reported by the
laser. The researchers developed a nanostructured meta-surface
that has the largest phase gradient produced to date and allows for
high-power operation in a compact design, which is capable of

generating a peculiar state of twisted structured light on demand.
The meta-surface is composed of many tiny rods of
nanomaterials that change the light transmission as it passes
through. More importantly, this method is applicable to many
laser architectures. For instance, the gain volume and meta-
surface size can be increased to produce high-power large
volume lasers, or reduce the laser system to a monolithic
meta-surface design on the chip.

Based on the principle of linear filtering, the ultrashort pulse
polarization can be controlled to a large extent by designing an
ultrashort pulse meta-surface, so as to realize the expansion,
compression, and remodeling of ultrashort pulse polarization
[45]. Since the surface plasmon polaritons (SPPs) can shape the
propagating optical spectrum, temporal control of the pulse shape
of ultrashort pulses can be achieved through engineered
resonances of plasmonic nanoparticles and lattice
arrangements. As shown in Figures 1A,B a compact ultra-thin
plasma meta-surface made of nanoparticles was proposed. Given
the input pulses, the meta-surface filter was designed to output
the specific pulses with narrower pulse width (Figure 1C). And
the meta-surface filters are able to compress the different
Gaussian pulses with different compression ratios. It is
beneficial to realize the optical index of narrow pulse width
and high peak power of the laser, thus improving the
detection accuracy and broadening the detection range of LiDAR.

The orbital angular momentum shows the potential of
improving resolution and an anti-jamming capability [46]. In
the propagation process, the vortex beam always maintains the
invariability of the hollow distribution, with spin and orbital
angular momentum, and the spiral phase structure, which
promotes the super-resolution imaging for LiDAR [47, 48]. Jin
Han et al. designed and realized an intuitive and simple meta-
surface method for generating and manipulating annular vortex
beams [49].

The dynamic control of laser output polarization state is an
ideal imaging application. Some researchers have used new
methods to realize the direct polarization switching of lasers
[50]. The laser is integrated with the semiconductor gain medium
through a polarization-sensitive meta-surface to amplify the
cavity mode and output the polarized laser. The meta-surface
is used together with the output coupler reflector. The emitting
laser is perpendicular to the outer cavity surface, and the output
polarization state can be electrically switched separately. This
design means that the laser output has the possibility of high
switching speed, compactness, and power efficiency. The use of
polarization technology improves the performance of the
coherent detection system and promotes the development of
high precision LiDAR.

A vertical cavity surface-emitting laser (VCSEL) is a kind of
light source with the advantages of low power consumption, low-
cost packaging, and ease of fabrication into arrays for wafer-scale
testing. Kun Li et. al presented a monolithic, electrically-pumped
tunable 1,060 nm VCSELs with a high-contrast grating (HCG)
meta-structure as the highly reflective tunable mirror [51], as
shown in Figure 2. Through electrical actuation of the HCG, the
wavelength tuning of larger than 30 nm VCSELs is continuously
realized. This is promising for the realization of a high-speed and
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FIGURE 1 | (A) Unit cell of the periodic golden meta-surface on a fused silica substrate with a 2 nm titanium adhesion layer. (B) Pulse shaping schematic using a
nano-plasmonic filter, which is a periodic golden meta-surface, Δti is the half-power pulse width of the input pulse, Δto is the half-power pulse width of the output pulse.
(C) Input/output comparison for different pulse width at the central frequency of 370 THz. Source: reproduced from Ref. 45.

FIGURE 2 | (A) Scanning electron microscope (SEM) image of a typical HCG-VCSEL device, with a zoomed-in view of the fully suspended HCG surrounded by air.
(B) 3D confocal optical image of the faburicated HCG-VCSEL array. Source: reproduced from Ref. 51.
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widely variable wavelength tunable source with cost-effective
fabrication processes for applications in LiDAR.

3.2. Scanning Structure and Scanning Mode
The space scanning methods of LiDAR can be divided into a non-
scanning system and a scanning system [52]. Compared with the
traditional mechanical controlling scanning method, the planar
devices based on the meta-surface are small and could be easily
controlled by the micro-electro-mechanical system (MEMS),
which helps to remove the huge components, simplifying the
system and lowering the cost [53].

For the non-scanning methods, some researchers have
proposed the use of dielectric Huygens meta-surface structures
to construct flat lenses and beam deflectors [54]. The device
adopts a silicon nano-disk structure to suppress reflection loss. By
locally changing the radius of the silicon nano-disk elements,
phase transition mutation is realized and arbitrary wavefront
control is realized. By experimentally studying the phase gradient,
the researchers realized that the plane lens has the characteristic
of beam deflection, and the resulting light is similar with that
produced by the beam deflection device. Compared with
traditional lenses, the design is compact, lightweight, and

easier to handle in complex wavefront operations. In addition,
controlling the phase and amplitude of light emitted by the
elements (i.e., pixels) of an optical phased array is of
paramount importance to realizing dynamic beam steering for
LiDAR applications. A. C. Lesina presented a plasmonic pixel
composed of a metallic nanoantenna covered by a thin oxide layer
and a conductive oxide for use in a reflect array meta-surface (as
shown in Figure 3), which predicted the control of the reflection
coefficient phase over a range >330° with a nearly constant
magnitude [55]. F. He proposed a silicon surface material that
dynamically controls the output light angle [56]. The structure is
an array of silicon nanopillars of different diameters with a thick
glass substrate underneath. By adjusting the relative phase and
intensity of the two incident beams, the angle of output light can
be continuous tuned at ∼10° as needed. Besides, the output beam
has good stability and no distortion, suggesting potential
applications in LiDAR.

3.3. Optical System
The function of a LiDAR transmitting optical system is to provide a
high power laser, collimate and reshape the beam with an
asymmetric shape, produce large divergence and astigmatism

FIGURE 3 | (A) Meta-surface containing an array of plasmonic pixels (only glass substrate and gold nanoantennas are sketched). (B) Top view and (C) cross-
sectional view of the proposed plasmonic pixel. The pixel has dimensions ax by az, and contains a gold dipole nanoantenna which is formed by two branches of length Ld,
widthw, thickness t, and separated by a gap of size g. The pixel also contains two gold lines of widthwc. The thickness of themeta-surface (metalnanostructure + oxide +
ITO) and ITO are denoted as tm and tox, respectively. Source: reproduced from Ref. 55. (D) coherent illumination of a dielectric meta-surface for continuous beam
steering. Two counterpropagating light beams (Kf andKs) illuminate the meta-surface at normal incidence. The propagation angle θ of the output beam (Kd) deflected into
free space can be continuously steered via adjusting the relative phase and intensity of the two incident beams. Source: reproduced from Ref. 56.
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from the semiconductor laser, enhance the echo signal, improve
signal-to-noize ratio, and measure the accuracy of the system [57].
The core element of the optical system is a different kind of lens.
Because metamaterials can control electromagnetic waves
arbitrarily, more attention has been paid to them. A
metamaterial lens is one of its typical implementations [58].
Metamaterials can theoretically achieve arbitrary permittivity
and permeability. When the electromagnetic impedance of the
plate and vacuum is almost equal, it will reflect little
electromagnetic waves, while the plate medium will not absorb
electromagnetic waves at this time, which means that the
conditions for lenses are available. In 2014, D. M. Lin proposed
a medium-graded meta-surface optical lens, and successfully
realized the production of gratings, lenses, and axicons on the
SOI substrate, with the working band in visible light [59]. Using
titanium dioxide “nanowires” with about 600 nm height, F.
Capasso created a perfectly “flat” paper-thin “focusing lens”
[60], as shown in Figures 4A–F. The metamaterial lens had an
effective magnification of up to 170 times and had an excellent
imaging resolution. It used nano-bricks stacked in an unusually
neat arrangement with a negative refractive index. By changing the
shape, size, and arrangement of the nanostructures (smaller than

the wavelength of light), the light can be focused. In addition, a
broadband achromatic dielectric meta lens was developed to
eliminate the chromatic aberration, which can focus the entire
spectrum with wavelengths over 1,200–1,650 nm at the same point
(Figures 4G,H) [61].

By designing the meta-surface, the distribution of the phase,
polarization, and intensity of the spatial light field is controlled
locally by a thin layer of the subwavelength structure unit. It can
effectively regulate the propagation property of light and expand
the means and methods of people’s regulation of the
electromagnetic wave, so that the development of
electromagnetic wave regulation device tends to be
miniaturized, planarized, and conformed, and thus has an
important application prospect. Huygens’ principle and
Fermat’s principle can be used to calculate the phase
distribution required by the metamaterial lens. An optical
zoom method based on the wavelength regulation of the
metamaterial lens was presented and the tomographic
imaging method of the superstructure lens based on the
elimination of spherical aberration was realized [62, 63].
However, once the micro-nano structure integrated on the
metamaterial lens is prepared, it is usually difficult to change

FIGURE 4 | (A) Schematic of the meta lens and its building block, the TiO2 nanofin. (B) Themeta lens consists of TiO2 nanofins on a glass substrate. (C,D) Side and
top views of the unit cell showing height H, width W, and length L of the nanofin, with unit cell dimensions S × S. (E) The required phase is imparted by the rotation of the
nanofin by an angle θnf , according to the geometric Pancharatnam-Berry phase. (F) SEMmicrograph of the fabricated meta lens. Source: reproduced from Ref. 60. (G)
Schematic of a broadband achromatic meta lens composed of meta-units with complex cross sections, showing dispersionless focusing. (H) SEM images of
fabricated meta-lenses using meta-units. Source: reproduced from Ref. 61.
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its morphology or size, so it is impossible to control its focusing
performance in real time. Recently, scientists have explored
many ways to realize real-time regulation of the focusing
performance of a superstructure lens, among which the most
striking one is the combination of intelligent materials and a
superstructure lens [64]. For example, K. Chen et al., invented a
real-time local reconfigurable source Huygens meta lens in the
6.9 GHz working wave band [65], which, to the best of our
knowledge, demonstrates for the first time that multiple and
complex focal spots can be controlled simultaneously at distinct
spatial positions and reprogrammable in any desired fashion,
with a fast response time and high efficiency, as shown in
Figure 5.

In the cases discussed above, the metamaterials give optical
lenses the potential to push the limits and even disrupt things
like camera lenses. In the future, camera lenses by metamaterials
may become as thin as paper, and there will no longer be the
inherent distortion and edge image attenuation problems of
“convex lenses”. Moreover, the lens cost of metamaterial lenses
is much cheaper than that of traditional glass lenses, which is an
extremely significant development for the industry. However, it
is not without flaws. Currently, metamaterials usually regulate
electromagnetic waves in a narrow band, which is determined
by its principle. Although super lenses can realize sub-
wavelength imaging, it has the great requirement for medium
loss and absorption [66]. It has also been difficult to develop
negative refractive index metamaterials, for the use in optical
devices [67].

3.4. Single Photon Detection System
The single photon detector is the core device used for echo signal
detection in a single photon LiDAR system. The main kinds of
single photon detectors include photomultipliers (PMT), SPADs,
and superconduct nanowire single photon detectors (SNSPD).
Compared with the fragile PMT with high bias, SPAD has high
quantum efficiency, small volume, low bias voltage, and low
environmental requirements. SNSPD is a new technology
developed in recent years, with a wide spectral response range,
a high count rate and time resolution, and very low noise, which is
applied in quantum communications. However, SNSPD has to
work at a superconducting temperature (<4 K), which needs
high-power mechanical refrigeration or liquid helium
refrigeration. These supporting refrigeration devices have
greatly increased the cost and volume, limiting the large-scale
application. Therefore, SPAD is the mainstream single photon
detector for LiDAR. However, the photon detection efficiency
(PDE) of SPAD is not ideal. For example, the PDE of silicon-
based SPAD is not with in the near-infrared wavelength, which
limits the detection performance in the application of LiDAR.
Recently, SPAD integrated with nano-structures was presented to
overcome this drawback. SPAD integrated with a meta-surface
not only performs well in PDE, but also holds other SPAD
performance metrics well, such as dark count rate, after the
pulse, and time resolution. Regardless of the influence of PDE
on device structure, the SPAD structure can be independently
designed to achieve low dark count rate and good time resolution.
Therefore, meta-surface integration is a revolutionary technology

FIGURE 5 | Reconfigurable Huygens’meta lens and characteristics of meta-atom. (A) Active Huygens’meta lens for dynamic EM wave focusing, of which meta-
atoms are biased by computer-controlled multichannel DC voltage sources. Upper-right inset: spatial distributions of capacitances used to achieve two focal spots either
in x-y (A) or in x-z planes (B) based on full-wave simulation. (B)Capacitance-dependent phase and amplitude responses of EMwave transmission at the target frequency
of 6.9 GHz for incident electric and magnetic fields which are parallel to y- and x-axes, respectively. Source: reproduced from Ref. 65.
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for the development of SPAD. There are many kinds of meta-
surface, including the inverse pyramid nano-structure array [68],
nano cone array [69], nano pyramid array [70], nanowire arrays
[71], nano dimples or convex balls array structure [72], and
nanosphere shell structure array [73].

As an example of an inverse pyramid nano-structure array, a
light-trapping SPAD with a typical mesa-type shallow-junction
was fabricated using a complementary metal oxide semiconductor

(CMOS) compatible process. Si epitaxial layers with a total
thickness of 2.5 μm were grown on an SOI substrate. As shown
in Figure 6A, the nano-structure was etched as an inverse pyramid,
with an 850 nm period in a square lattice pattern. Unlike the
resonance peaks found in the responsivity of resonant-cavity-
enhanced (RCE) detectors, the light-trapping SPAD has
broadband responsivity enhancement. The improvement of
external quantum efficiency (EQE) is mainly due to the

FIGURE 6 | (A) Three-dimensional (3D) cross-sectional schematics of layer configurations of control (left) and light-trapping SPADs (right). (B) EQE measurements
of control (blue solid) and light-trapping SPADs (red solid); dashed black lines correspond to theoretical absorption of 3, 12, and 25 μm thick Si from left to right. (C) EQE
enhancement: ratio of light-trapping SPAD EQE compared to control SPAD. Source: reproduced from Ref. 68.

FIGURE 7 | (A) Schematic diagram of truncated cone-shaped metamaterial absorber. (B) The reflection, absorption, and transmission characteristics of the
absorber. Source: reproduced from Ref. 74.
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enhanced anti-reflection effect and nano-structure diffraction [68].
As shown in Figures 6B and 6C, the enhancement effect of EQE is
more obvious for longer wavelengths.

A truncated cone-shaped metamaterial absorber was designed
using silicon and gold [74], as shown in Figure 7. This absorber
can achieve an absorption bandwidth of 1,000 nm in the visible
and near-infrared bands covering 480–1,480 nm. The material is
a kind of multi-layer truncated cone, composed of metal
dielectrics (such as gold and silicon) stacked with ultra-
wideband metamaterial absorption structures arranged
periodically. The number and diameter of the truncated cones
in each basic unit are adjusted, and the width of the absorption
band can be changed as needed. Through the interlayer exchange
coupling of the electric field and the magnetic field in adjacent
unit cells, the absorption efficiency can be improved. Under any
severe conditions, the receiver has strong stability, the high
absorption rate can still remain unchanged, and has good
performance in terms of compact structure, large bandwidth,
and polarization insensitivity.

Xu et al. presented a mesoporous double-layer antireflection
(DLAR) coating [75]. The coating has good performance of high
light transmittance and durability. It is a new type of layered
structure, as shown in Figure 8A. The top silicon layer structure is
composed of mesoporous dioxide with a pore diameter of
2–50 nm. The team prepared a metamaterial DLAR coating
with an average transmittance of 99.02% in the visible light
band from 380 to 780 nm (Figure 8B). In addition, the high
porosity of the structure is conducive to obtaining a lower refractive
index, which can harvest higher transmittance. With another
layered structure, M. I. Fathima proposed a theoretical design of
Effective Interface Antireflective coating (EIARC) which is based
on the theory of Fabry-Perot-Interference filters [76]. In the anti-
reflection coating, photons can be reflected multiple times to
minimize reflection loss. This design is a combination of a
spatial index layer and two multi-layer subsystems.

Zeng et al. designed a nanostructure fabricated by reactive ion
etching (RIE) and wet etching on the surface of silicon [77]. The
surface of the nanostructure is uneven, which produces multiple
reflections on the surface, and forms an effective light-harvesting

structure in the 300–800 nm band. As shown in Figure 9, the
reflectivity of the nanostructure surface by wet etching (Pyramid
sample) or RIE (Sample 20) is obviously lower than the blank
surface. And sample 22 produced by wet etching and then RIE
obtains the minimum reflectance of only 1.27%. W. Chen et al.
further improved the anti-reflective properties of the nanostructures
by changing reactive gas compositions comprising chlorine (Cl2),
sulfur hexafluoride (SF6), and oxygen (O2) for the RIE process [78].

Except physical processing technology, Chen-Chih Hsueh et.
al fabricated uniform silicon nanowire (SiNW) arrays on the
mono- and multi-crystalline wafers by employing the improved
solution-processed metal-assisted chemical etching (MacEtch)
method [79]. They demonstrated a good optical trapping
effect and reflectance well below 6% over a broad wavelength
range from 300 to 1,100 nm with good uniformity, as shown in
Figure 10. The improved MacEtch concept is suitable for
commercial mass production. However, it suffers from a lower
effective lifetime, because the higher surface state causes higher
surface recombination for the SiNW arrays wafer.

4. PROSPECT

The metamaterials technology promotes the development of the
core devices of single photon LiDAR. First of all, the outstanding
anti-reflective properties of the meta-surface promoted the
development of SPAD with better performance matrix. The
meta-surface could flexibly regulate the amplitude and phase
of incident light through the subwavelength microstructure, so it
has great application potential in the field of beam emission. An
optical meta-surface uses the phase mutation of transmitted or
reflected waves on the structural surface to effectively regulate the
wave front of the incident wave, which can realize the regulation
of beam deflection and polarization. In the future, the optical
meta-surface could be further used to adjust waveforms to
optimize beam transmission, laser amplification and frequency
control, and conduct beam shaping to improve beam near-field
control ability. Besides, the metamaterial lenses reveal an new
industry development direction.

FIGURE 8 | (A) Structure of mesoporous DLAR coating. (B) Reflectance spectra of glass and DLAR coatings. Source: reproduced from Ref. 75.
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mono-crystalline pyramid/SiNW array structure wafer. The inset marks the measured area at the center and 6 cm from the center. Source: reproduced from Ref. 79.
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