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Abstract Lens is a basic optical element that is widely
used in daily life, such as in cameras, glasses, and
microscopes. Conventional lenses are designed based on
the classical refractive optics, which results in inevitable
imaging aberrations, such as chromatic aberration, sphe-
rical aberration and coma. To solve these problems,
conventional imaging systems impose multiple curved
lenses with different thicknesses and materials to eliminate
these aberrations. As a unique photonic technology,
metasurfaces can accurately manipulate the wavefront of
light to produce fascinating and peculiar optical phenom-
ena, which has stimulated researchers’ extensive interests
in the field of planar optics. Starting from the introduction
of phase modulation methods, this review summarizes the
design principles and characteristics of metalenses.
Although the imaging quality of existing metalenses is
not necessarily better than that of conventional lenses, the
multi-dimensional and multi-degree-of-freedom control of
metasurfaces provides metalenses with novel functions
that are extremely challenging or impossible to achieve
with conventional lenses.

Keywords metalens, achromatic aberration, phase mod-
ulation, wavefront manipulation

1 Introduction

Free control of light has always been the dream and pursuit
of optics community, which not only has important
scientific significance, but also has a wide range of
applications in the fields of information, industry, and
energy. Since 1968, the establishment of negative refrac-
tion theory provides a new concept for free control of
electromagnetic waves [1-5]. The observation of negative
refraction phenomena in well-designed metamaterials has
experimentally demonstrated electromagnetic wave
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manipulation [6—8]. The electromagnetic response of
metamaterials can be designed according to engineering
requirements, which realizes a series of electromagnetic
wave control phenomena that cannot be achieved in natural
materials, including super lensing [9-12], transformation
optics [13—15], perfect absorption [16—19], polarization
deflection [20,21], and phase modulation [22,23].

The planar-structured metamaterial, also known as
“metasurface,” has the advantages of easy fabrication
and low transmission losses. Moreover, it can maintain a
remarkable electromagnetic control ability. This material is
gradually attracting more attention than the three-dimen-
sional structure. Eventually, the fundamental principles of
light manipulation in metasurfaces deviate from those in
metamaterials; thus, metasurfaces become an independent
branch in artificial materials research [24-27]. In a
pioneering work on metasurface, the periodically arranged
V-shaped antennas act as sub-wavelength resonance units
to modify the phase response of a certain frequency, which
results in an abrupt phase change [28]. Under external light
stimulation, the metasurface loads the “phase jump” on the
radiated electromagnetic waves, which can achieve
artificially designed intensity and phase distribution of
electromagnetic waves to manipulate the wavefronts.

Lenses are one of the most widely used components in
the optical field. For hundreds of years, people have
devoted themselves into the development of superb skills
to polish the lenses to achieve control of light based on
refractive optics [29]. Metalens is a diffractive lens
designed on the basis of metasurface, which creates a
new research direction of lens fabrication by engraving
nanostructured patterns on a thin film. In recent years,
numerous studies have significantly improved the perfor-
mance and functions of metalens by designing and
analyzing the optical response of nanostructures [30-33].
Currently, some properties of metalenses can reach or even
exceed those of conventional optical lenses. Compared
with conventional diffractive optical lens, which is also a
planar optical element, metalens can independently and
simultaneously control the effects of electric and magnetic
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fields at a sub-wavelength scale, which results in the
manipulation of phase, amplitude, and polarization. There-
fore, metalenses have greater potential than conventional
diffractive lenses.

Since metalens is one of the important applications of
metasurfaces, in this review article, we first present three
phase modulation methods of metasurfaces before intro-
ducing the design principles of metalenses. Furthermore,
we discuss the main challenges of metalens design. Then,
we summarize the research progress on metalenses and
finally discuss the functional applications and future
development trends of metalenses.

2 Design principles of metalenses

From the perspective of phase modulation mechanism,
metasurfaces can be categorized into three: resonance
phase metasurfaces (Figs. 1(a) and 1(b)), geometric phase
metasurfaces (Figs. 1(c) and 1(d)), and propagation phase
metasurfaces (Figs. 1(e) and 1(f)).

In the early days, most studies were focused on the
resonance phase modulation [28,37-52]. By changing the
structure of meta-atoms, the resonance frequency is
shifted, which leads to a sudden change in the phase at a
certain frequency. Resonance phase metasurfaces can be
used to control the deflection [47], focusing [38,49], and
polarization conversion [42,45,52] of electromagnetic
waves. However, resonance phase modulation has limita-
tions. Initially, metal antennas were used to form the
resonance phase metasurface. It is clear that metal
materials can build high-performance reflection- and
transmission-type metasurfaces for long wavelengths.
However, metal resonance phase metasurfaces suffer the
problem of high ohmic loss for the visible. Thus, the
transmission efficiency of resonance metasurfaces is
always low at this wavelength range. Since the phase
jump comes from the resonance of the structures, this leads
to high absorption and limited working bandwidth of
resonance phase metasurfaces. Moreover, it requires
precise design and processing of structures with negligible
differences in size to accurately control the phase.

To solve this kind of difficulties, geometric phase (also
called Pancharatnam—Berry phase) modulation was pro-
posed [34,53—74]. This modulation method generates a
sudden change in the phase of reflected or transmitted
waves by changing the rotation angle of the nanostruc-
tures, thereby achieves free control of the phase gradient or
distribution. The complexity of designing and processing
metasurfaces is greatly reduced due to the concept of
geometric phase modulation. Geometric phase metasur-
faces make full use of their degrees of freedom
to manipulate a large number of spin-dependent
electromagnetic wave phenomena, such as abnormal
deflection or refraction [68,70,71], holographic imaging

[61,64,65,67,73,74], and special beam generation
[53,69,72]. Generally, the emergence of geometric phase
metasurfaces provides us with more freedom for electro-
magnetic wave manipulation.

The propagation phase metasurfaces manipulate the
phase through the optical path difference generated during
the propagation of electromagnetic waves. Assuming that
an electromagnetic wave with a wavelength of A
propagates a certain distance d in a homogeneous medium
with a refractive index n, the accumulated propagation
phase of electromagnetic waves can be expressed as

¢ = nkod, ()

where ky = 2m/A is the free space wave vector. According
to Eq. (1), the thickness d and refractive index n of an
optical element are two parameters that can effectively
adjust the propagation phase. For planar optical elements,
without increasing the thickness d, the phase design can be
achieved by spatially varying the equivalent refractive
index n. In addition, if the equivalent refractive index » is
sufficiently large, the thickness of the device can be
effectively reduced. The commonly used methods for the
construction of propagation phase metasurfaces can be
divided into two categories: one is based on the theory of
waveguide optics, and the other is based on the theory of
equivalent refractive index of the medium. The difference
between these two methods lies in the way of adjusting the
refractive index. The former adopts the characteristic that
the propagation constant of the waveguiding mode
changes with the fill factor of the meta-atom [75-78].
The latter uses the difference in the refractive index of two
or more media (usually one is a high refractive index
medium) in the unit structure to achieve the phase
modulation of electromagnetic waves [35,36,79-82].

Three phase modulation principles of metasurfaces were
introduced above. In addition, there are some metasurface
devices that are not based on a single phase modulation
method but integrate two or more types of phase
manipulations. Taking V-shaped antennas as an example,
the design principle combines the modulation of resonance
phase and geometric phase [28,83—-86]. Figure 2(a)
presents an eight-step phase manipulation, which consists
of two sets of sub-wavelength structures rotated 90° along
the z axis [28]. The first four V-antennas adjust the
resonance phase by tuning the length of the rods and angle
between the two rods; the last four V-antennas realize the
additional geometric phase of m by rotating the first four
90°. This combined modulation is widely used in optical
components, such as metalenses [85,86,88-90], wave
plates [83], and deflectors [84].

The metasurfaces formed by nano-fins with rectangular
[87,91-95] or elliptical [96,97] cross-section can essen-
tially be understood as the simultaneous manipulation of
propagation phase and geometric phase by varying the
dimensions and rotation angle of the nano-fins. As
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Fig. 1 Schematic diagram of three phase modulation methods, i.e., resonance phase modulation ((a) and (b)), geometric phase
modulation ((c) and (d)), and propagation phase modulation ((e) and (f)). (a) Simulated phase shift of the scattered light for V-antennas
with various length 4 and angle between the rods A. (b) Schematic diagram of ordinary and anomalous reflection and refraction for y-
polarized excitation. (¢) Schematic diagram of a representative meta-atom array considered as model in the simulation. Bottom right:
excitation of dipole moment when illuminating one meta-atom. (d) Schematic diagram of ordinary and anomalous refraction when
illuminated with left- and right-circularly polarized light, respectively. (¢) Side-view scanning electron microscope (SEM) image of a
propagation phase-modulated metasurface. An array of nanopillars is indicated by red rectangle. (f) Schematic diagram of focusing a light
pulse to the focal distance of a propagation phase-modulated metalens. The time-dependent electric field plots demonstrate that the light
passing through the different parts of the metalens requires equal phase delay to arrive at the focal point without dispersion. (a) and
(b) Reproduced with permission from Ref. [28]. (c) and (d) Reproduced with permission from Ref. [34]. (¢) Reproduced with permission

from Ref. [35]. (f) Reproduced with permission from Ref. [36]

mentioned above, the change in dimensions can modify the
propagation phase of each meta-atom; the rotation of nano-
fins can achieve geometric phase regulation (see Fig. 2(b)).
The combination of geometric and propagation phase
modulation can be applied to metasurface devices, such as
polarization controllers and detectors [87,93-96], beam
deflectors [98], and multifocal metalenses [91,92,97].

The metasurface that can focus and image was named as
a “metalens” [54,68,76,85,86,99—101]. To realize the
function of a diffraction-limited lens, the phase distribution
¢(r) of the metalens is expressed as

o(r) = ~Z\[r7 4121,

@)
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Fig. 2 (a) Top: schematic diagram of meta-atoms. Bottom: finite difference time-domain (FDTD) simulations of the scattered electric
field of the periodic array composed of individual antennas shown above. (b) Schematic diagram of the combination of propagation and
geometric phases. (a) Reproduced with permission from Ref. [28]. (b) Reproduced with permission from Ref. [87]

where wq is the design frequency, c is the speed of light, »
is the distance of each nanostructure to the center of the
metalens, and £ is the focal length.

The first metalens that is comparable to commercial
lenses was fabricated by Capasso’s group in 2016 [68]. In
this work, high aspect ratio titanium dioxide (TiO,) meta-
atoms were used to design and fabricate metalenses with a
diameter D=2 mm, focal length f=0.725 mm, and
numerical aperture NA =0.8 (Fig. 3). It can resolve sub-
wavelength separated nanostructures and has a magnifica-
tion of up to 170x. The diffraction-limited focusing of the
metalens was demonstrated at 405, 532, and 660 nm
wavelengths with corresponding efficiencies of 86%, 73%,
and 66%.

3 Innovation in full-color imaging

The research on metalenses has aroused widespread
concern in both scientific and industrial communities.
People are considering whether metalenses can obtain
novel sub-wavelength focusing imaging and replace
conventional optical lenses, with the purpose of compact
and efficient imaging. However, there is the chromatic

aberration problem, i.e., inability to perform full-color
imaging by metalens. Chromatic aberration is a serious
defect for lens imaging, which refers to the slight
difference in focal lengths of light at different wavelengths.
The traditional method of chromatic aberration correction
is to stack multiple lenses. However, this will cause
problems such as bulkiness and complex integration.

Multi-wavelength achromatic metasurface devices that
compensate the phase dispersion are demonstrated
[36,97,102,103]. For example, the metasurface designed
by Khorasaninejad et al. is based on low-loss dielectric
resonators associated with different transverse electric and
magnetic modes to compensate the propagation phase
difference between discrete wavelengths [102]. First, a
metasurface that can deflect incident light to the same
angle at three wavelengths (1330, 1550, 1800 nm) was
demonstrated. Furthermore, a two-dimensional multi-
wavelength achromatic metalens was designed with a
numerical aperture of 0.05 and focal length of 7.5 mm
(Fig. 4 ().

In recent years, various scientific research teams have
begun to explore the combination of resonance phase
modulation and geometric phase modulation to design
continuous broadband achromatic metalens [88]. With this
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Fig. 3 (a) SEM micrograph of the fabricated metalens. Wavelength = 532 nm. (c) Picture of the Nikon objective lens (100 x CFI60, NA
=0.8). (b) and (d) Measured focal spot intensity profiles of the metalens in (a) and the commercial objective lens in (c) at the wavelength of
532 nm. (a), (b), and (d) Reproduced with permission from Ref. [68]. (c) From the Nikon website

method, integrated metal resonators are utilized to build up
high-order resonance in a broad range of wavelengths to
compensate the wavelength-dependent geometric phase
delay generated from rotating the resonance elements
(Fig. 4(b)). This approach successfully eliminated the
chromatic aberration of metalens over a continuous
wavelength range of 1200-1680 nm [88]. Soon after,
they used the same method to achieve achromatic imaging
in the visible light region using gallium nitride (GaN)
nanopillars [106].

Similar work has also been done by using TiO, dielectric
pillars to achieve achromatic imaging in the visible light
region [89] (Fig. 4(c)). This study expanded the funda-
mental equation of metalens design (Eq. (3)) as a Taylor
series near a design frequency and determined the
influence of higher-order derivative terms in Eq. (4),
which are the relative group delay and group delay
dispersion, on the chromatic aberration of metalens. It also

clearly demonstrated the simultaneously control of the
phase, group delay, and group delay dispersion of light,
thereby realizing a transmissive broadband achromatic
metalens.

o(ro) = ~2(\/1P +12~f), 3)
Op(r,w
o) = plraon) + PE (0
Po(r
#M:wd (wfwd)2 + )

The phase compensation of a single antenna has an
upper limit. With an increase in the designed numerical
aperture and metalens size, the required phase compensa-
tion becomes larger. However, due to the ceiling of
physical principle and limitation of the manufacturing



Xiao FU et al. Metalenses: from design principles to functional applications

]

v

400 nm

175

wavelength/nm
1500 1000
I T T

2500 2000
40t

. 400

Ny 4300

1200 T
[}

1 g
1100 5

@ag 1N
100

40x1046.0x1078.0x101.0x 1073
wavelength number/nm™!

(b)

W
S
—T T
-

53
S
T

efficiency/%

—
S S
—T T

1 L I 1

group delay/fs
-1.5 -2.5

T
|
|
|
|
|
|
|
|
|
|

phase/rad
[

1 L 1

. T T T
airy |

max =0
Nefp

Blrad

1-0.4n
NN 2%
e XX

() 9*9*9’. 4-0.8n

500 550 600
frequency/THz

(©)

450

4 075 1.00 125 1.50 1.75 2.00 2.25
Aefp

(e

Po/m
(d)

Fig. 4 Multi-wavelength achromatic metalenses. (a) False colored SEM image of achromatic metalens. Inset: schematic side view of
metalens designed to focus three different wavelengths into the same focal plane. (b) Schematic diagram of one integrated-resonant unit
cell of the broadband achromatic metalens for the incident wavelengths varying from 1200 to 1680 nm. (c) Phase spectra for five different
elements schematically shown on the right. The shaded region indicates the design bandwidth of 120 nm. (d) Calculated phase ¢, and

do

dispersion Ap = d—Aw for the meta-atom library schematically shown in the inset. (¢) Calculated n.g for all designed meta-atoms. The
)

meta-atoms schematically shown in the inset are chosen to compose the broadband achromatic metalens by selecting the maximum Az
(a) Reproduced with permission from Ref. [102]. (b) Reproduced with permission from Ref. [88]. (c) Reproduced with permission from
Ref. [89]. (d) Reproduced with permission from Ref. [104]. (e) Reproduced with permission from Ref. [105]

process and material selection, such a large phase
compensation cannot be satisfied. Therefore, this method
suffers from the limitation of small numerical aperture, and
the single metalens imaging technique is still a long way
from commercialization. Researchers then put forward the
concept of “metalens array”, which exploits an array of
metalenses to image different aspects of the image on the
corresponding pixels of the CCD camera; then, the entire
image is reconstructed via image stitching [107].

The design principle of a broadband achromatic
metalens demonstrated in Shrestha’s work divided the
spectral phase profile into two parts: initial phase ¢, and
phase dispersion A [104] (Fig. 4(d)).

¢(r,w) = po(r) )

The physical nature of achromatic aberration is analyzed
using the concept of effective refractive index nqg [104].
Then, the phase profile (Eq. (5)) is expressed in a more
general form for a continuous wavelength range.

po(r) = %neff (wo)H, (6)

and
= L)oo

= %(neff(w)w - ”eff(w0>w0) s

Ap(r)

™)

where H is the height of meta-atoms.

According to Eq. (7), if the operational wavelength
range is fixed, increasing the height of the meta-atoms and/
or choosing a material with higher refractive index could
enlarge the phase dispersion. Thus, the high aspect ratio
fabrication technique and material refractive index limit
the design radius of metalenses. Fan et al. gave similar
relationship between effective refractive index and group
delay [105] (Fig. 4(e)).

In fact, these three methods of constructing broadband
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achromatic metalens (i.e., integrated-resonance unit ele-
ments, group delay, and effective refractive index) share
the same design principle: making use of the spectral
degrees of freedom in the metasurface phase profiles and
the geometric degrees of freedom in the meta-atoms. Most
of the existing broadband achromatic metalenses
[30,31,88,89,102,104—-116] working from the visible
light region to the microwave region are based on such a
design principle.

However, the design of achromatic metalens with
simultaneously large size, large numerical aperture, and
wide band is still a long way to go in metalens technology.
The main reason is that there are inherent constraints
between the various parameters of the metalens under the
government of diffractive optics. Shrestha et al. derived an
expression to describe the relationship between design
parameters of a hyperbolic broadband achromatic metalens

(Eq. (4) in Ref. [104]).
1)

Here, Ryax is the maximum radius, Aw is the operational
bandwidth, and NA is the numerical aperture of the
designed broadband achromatic metalens. A®" defines the
range of phase dispersion in the meta-atom design.
Equation (8) demonstrates the trade-offs that the broad-
band achromatic metalens with simultaneously large radius
and high numerical aperture requires extremely large phase

AD ¢

1

Aol — —
w(NA

®)

Rmax <

1
NA2

Table 1 Summary of broadband achromatic metalenses
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dispersion. This equation is only valid when describing a
single-layer broadband achromatic metalens with hyper-
bolic phase profile, which is designed based on the unit-
cell method. For other phase profiles, this trade-off
relationship remains, but the specific mathematical expres-
sion varies.

Thus, for broadband achromatic metalenses (Table 1),
assuming the radius of the designed metalens is Ry,.y, the
minimum A®’ of each metalens is calculated based on
Eq. (8). It demonstrates that the improvements of size and
NA require larger range of phase dispersion in the meta-
atom design. In addition, by forcing operational wave-
lengths toward visible range and by extending the
bandwidth, Aw increases, which leads to smaller size
and/or NA of achromatic metalens with limited phase
dispersion range. It is worth noting that the metasurface
device listed in the third row of Table 1 is not a single
broadband achromatic metalens, and its phase profile is not
hyperbolic [90]. Therefore, the calculation of A®@" using
Eq. (8) is not applicable here.

A high-performance broadband achromatic metalens
requires simultaneously large R, NA, and Aw, which
means that more complicated meta-atoms, higher aspect
ratio, and perhaps multilayer design are involved to cover
the enormous phase dispersion. However, at the same time,
the difficulty of the design and processing also inevitably
increases. Currently, expanding the range of phase
dispersion is one of the main research focuses of broad-
band achromatic metalens.

To make a metalens comparable to a commercial lens,
the focusing efficiency of metalens should be at least 90%.

. wavelength minimum focal . focusing
radius/pum NA range/nm Aw /Hz AD' I length/jm material efficiency comment Ref.
27.775 0.268 12001680 7.14 x 10" 0.29 100 Au 12% reflection scheme [88]
220 0.02 470-670 1.91 x 10" 0.44 63 TiO, 20% [89]
750 0.075 475-700 203 x 10 N/A* 9960 TiO, 35% refractive lens and [90]
metacorrector with air gap
50 0.24 1300-1650 4.90 x 10" 0.32 200
50 0.24 1200-1650 6.82 x 10" 0.44 200 amorphous 209%—58%
or [104]
100 0.13 1200-1650 6.82 x 101 0.47 800 silicon
50 0.88 1200-1400 3.57 x 10" 1.13 30 N/A
25 0.106 400-660 2.95 x 10" 0.42 235 GaN 40% [106]
16.67 0.36 1310-1550 3.55 x 10" 0.12 38 Si 50.07%—55.53% theoretical work [109]
13.2 0.2 460-700 2.24 x 10" 0.32 67 TiO, 30% [110]
7 0.086 430-780 3.13 x 10" 0.10 81.5 SiN 36%—55% [105]
32 0.81 1470-1590 1.54 x 10" 0.27 22.95 Si 21%-27% theoretical work [112]
0.1 0.08 60 43%—78%
6.25 0.9 450700 2.38 x 10" 0.99 3 TiO, 13%-32% theoretical work [113]
0.99 1.37 0.9 23%-36%

Note: *This device is a hybrid lens consisting of a metacorrector and a spherical lens. Thus, the hyperbolic phase profile is not applicable here.
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However, the focusing efficiency of broadband achromatic
metalenses does not exceed 60% (see Table 1). Even the
theoretical simulation result generated from an infinite
library of meta-atoms cannot reach 80% [113]. This gap is
caused by principles, materials, and fabrication techniques.
In theory, a focusing efficiency of 100% will be possible
when the periodic sequence of meta-atoms in the broad-
band achromatic metalens design includes all possible
solutions [113]. The mismatch between the ideal fields and
the ideal periodic-diffraction-order fields results in the
fundamental efficiency losses, regardless of the imperfec-
tion of material selection and manufacturing process.
Higher diffraction orders appeared at the abrupt disconti-
nuities shown in the inset of Fig. 5 are introduced due to
the increase in unit-cell period (Nq=1 when unit-cell
period is smaller than the wavelength). Figure 5 indicates
that for a relatively large metalens (R = 50 1), there will be a
significant efficiency loss at high numerical apertures. The
five curves for each diffraction order correspond to
different values of unit-cell period normalized to wave-
length. Therefore, the values of radius, NA, operational
bandwidth, and focusing efficiency of broadband achro-
matic metalenses are limited (see Table 1).

Another important aspect, which has to be considered
for real applications of metalenses, is the fabrication
process. Compared with the time-consuming and costly
hand-polishing manufacturing processes of high-perfor-
mance conventional lenses performed by experienced
craftsmen [29], metalenses have advantages over conven-
tional lenses in terms of manufacturing process, benefitting
from the matured nanoscale processing techniques, such as
UV lithography, electron beam lithography (EBL), atomic
layer deposition (ALD), nano-imprinting, and plasma
etching [117]. However, improving the yield and efficiency
of production for the metalenses with complicated
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Fig. 5 Simulated maximum focusing efficiency of a metalens
designed by the unit-cell approach for diffraction order Ny is equal
to 1 (black), 3 (red), and 5 (blue), respectively. Inset: maximum
efficiency as a function of unit-cell periods A divided by the
wavelength A. Reproduced with permission from Ref. [113]

nanostructures is still challenging. In summary, broadband
achromatic metalenses still have a long way to go before
commercialization due to the limitations in performance.

4 Functional applications of metalenses

Replacing traditional lenses is simply making use of the
phase modulation of metalenses; yet, the outstanding
features of metalenses lie in the manipulation of multiple
optical parameters in the whole light field, including phase,
polarization, chromatic control, and correlation. The use of
such optical features is able to achieve special function-
alities that cannot be achieved with conventional optics or
on a single thin element. Such functional abilities allow
metalenses to improve tunable lens systems, ultrahigh-
resolution microscopes, phase gradient microscopes, and
tomography systems.

4.1 Flat high-resolution focusing and imaging

High-resolution imaging faces two problems. The first is
that the imaging system is complex and heavy, and the
other is that the resolution is limited by the diffraction
limit. Metalenses, which have the advantages of flatness,
high degree of freedom, high integration, and multi-field
adjustment, can simultaneously solve the above mentioned
problems.

Conventional sub-wavelength resolution imaging lenses
are bulky and expensive. The development of metalens
makes it possible to flatten and lighten the high-resolution
imaging system. The first proposed metalens fabricated by
Khorasaninejad et al. with a high NA of 0.80 achieved sub-
wavelength resolution at the visible wavelength range [68]
(Fig. 6(a)). In another work, a metalens based on
crystalline silicon reached a high NA of 0.98 in air with
a focal spot size (full width at half maximum, FWHM) of
274 nm and a focusing efficiency of 67% under 532 nm
wavelength illumination [100] (Fig. 6(b)). Uniquely, this
metalens can be directly immersed into oil to experimen-
tally achieve an ultrahigh NA of 1.48, which further
narrows down the FWHM of the focal spot to 211 nm
[100] (Fig. 6(c)).

There are also other approaches that can realize
ultrahigh-resolution focusing and imaging beyond the
diffraction limit. For example, geometric phase metasur-
face can be designed as a super-oscillatory filter due to its
independence from wavelength [119]. With the application
of super-oscillatory metasurface filter, the imaging system
achieved a resolution of about 0.64 times that of the
Rayleigh criterion over the whole visible wavelength range
[119] (Fig. 6(d)). Zuo et al. took advantage of the
controllable polarization of the metasurface to convert
the incident linearly polarized light into focused radially
polarized light [118] (Fig. 6(e)). With the enhancement of
the longitudinal polarization component by the circular
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Fig. 6 High-resolution metalenses. Vertical cuts of the measured focal spot intensity profile of the metalens designed at 532 nm with
(a) NA=10.80, (b) NA=0.98, and (c) NA = 1.48 in immersion oil, respectively. (d) Diffraction-limited image (left) and super-oscillatory
image with the application of metasurface filter (right). (e) Schematic illustration of the designed resolution-enhanced metalens described
in Ref. [118]. (a) Reproduced with permission from Ref. [68]. (b) and (c) Reproduced with permission from Ref. [100]. (d) Reproduced
with permission from Ref. [119]. (e) Reproduced with permission from Ref. [118]

high-pass aperture, the focal spot is confirmed to be much
smaller than the diffraction limit. Furthermore, with the
elimination of the transversal polarization component by
an extra phase distribution, the low-frequency part at the
center of this metalens is filtered out, which further shrinks
the focal spot [118].

4.2 Multifocal metalenses

Multifocal lens has a wide range of applications in imaging
and beam scanning, which is usually achieved by changing
the distance between multiple optical elements. The use of
conventional optical refractive elements makes the entire
multifocal lens system bulky, slow in adjustment, and
limited in variation range. The emergence of metalens
enables light and thin optical elements to have precisely
designed phase profiles, making compact multifocal lens
systems possible.

Using Jones matrix calculations, the diffraction orders
and phase profiles of a bi-layer geometric phase metalens
were analyzed. Then, it is demonstrated that the bi-layer
geometric phase metalens split the incident circularly
polarized beam into different helicities and then focused
them to different focal points under controllable intensity
and focal length [120] (Fig. 7(a)). The combination of two
values of phase and two values of amplitude forms four

orders of polarization.

Apart from using multiple layers of metasurfaces,
multifocal function can also be accomplished by using
only one metalens. A polarization-dependent metalens
with two focal points along the longitudinal direction was
designed by Tian et al. with the combination of geometric
phase modulation and propagation phase modulation [92].
More importantly, the relative intensity of the two focal
points and the separation distance between the two focal
points can be arbitrarily manipulated (Fig. 7(b)). A similar
design [122], which was proposed by Khorasaninejad
et al., could simultaneously form two images with opposite
helicities along the lateral direction in the same field of
view (Fig. 7(c)). This compact chiral imager can detect
chiral optical properties in the visible spectrum without the
addition of polarizers or diffusors.

Researchers have also used different rectangular hydro-
genated amorphous silicon nano-posts to create a twofold
polarization-selective metalens [121]. By simultaneously
tailoring the linear polarization of the incident and
transmitted light, three focal points located on different
focal planes along the longitudinal direction are success-
fully obtained (Fig. 7(d)). Zang et al. have proposed a
multifocal metalens based on geometric phase modulation
using silicon pillars with different spatial orientations
[123]. It has been experimentally demonstrated that both
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Fig. 7 (a) Schematic diagram of the working principle of the bifocal lens proposed in Ref. [120]. (b) Schematic diagram of the working
principle of the designed bifocal metalens [92]. Bottom right: top view of the designed metalens consisting of nano-fins with same height
but different cross sizes and orientations. (c¢) Schematic diagram of the multispectral chiral imaging metalens where the left-circularly
polarized (LCP) light and right-circularly polarized (RCP) light from the same object are focused into two spots. Spiral arrows indicate
helicity of the incident light. Blue and green nano-fins (top view) impart the phase profile required to focus RCP light and LCP light,
respectively. The upper half of the image is formed by focusing the LCP light reflected from the beetle, whereas the lower half of the image
is formed by focusing the RCP light reflected from the beetle. (d) Schematic diagram of the twofold polarization-selective metalens
indicated in Ref. [121]. (e) Left: under the illumination of linearly polarized THz waves, two longitudinally distributed polarization-
rotated focal points are demonstrated. Right: under the illumination of x-polarized THz waves, two transversely distributed focal points are
demonstrated. (f) Measured point spread function of the achromatic varifocal metalens by rotating the polarization of linearly polarized
input light of visible wavelengths. (a) Reproduced with permission from Ref. [120]. (b) Reproduced with permission from Ref. [92].
(c) Reproduced with permission from Ref. [122]. (d) Reproduced with permission from Ref. [121]. (¢) Reproduced with permission from
Ref. [123]. (f) Reproduced with permission from Ref. [124]
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longitudinal and transversal multifocal focusing can be
realized by pre-designed polarization rotation (Fig. 7(e)).
Aiello et al. have reported a varifocal metalens that can
continuously change the focal length from 220 to 550 um
by rotating the polarization of linearly polarized incident
light [124] (Fig. 7(f)). The principle of this design is based
on the use of asymmetric TiO, nanostructures to induce
polarization-dependent optical responses. The uniqueness
of these polarization-dependent multifocal metalenses may
open a new opportunity for imaging, tomography,
holography, and optical data processing.

Polarization-sensitive multifocal metalenses offer the
possibility of adding novel functions, which will contribute
to the development of compact multifunctional imaging
systems.

A tunable multifocal metalens system was experimen-
tally demonstrated by changing the distance between a
converging metalens and a diverging metalens using
microelectromechanical system (MEMS) [125]. Moreover,
the researchers also verified through simulation that if a
third metalens was prepared on the back of the glass
substrate, a simple objective lens with magnification
function can be realized (Fig. 8(a)). This system has a
potential to compose a compact scanning microscope for
3D imaging [125]. Yilmaz et al. have proposed a
rotationally adjustable metalens doublet inspired by
Moiré lenses [126] (Fig. 8(b)). By rotating two dielectric
metasurfaces with opposite phase distributions, the system
can modify the focal length in a wide range. This
polarization-insensitive multifocal Moiré¢ metalens can be
applied to generate tunable multifocal, single-focal, and

non-focal phenomena [126]. Another rotationally tunable
metalens doublet proposed by Wei et al. could not only
vary focal length on the positive direction, but also cover a
large range of negative focal length (Fig. 8(c)) [127].

Polarization-insensitive multifocal metalenses can adapt
to all types of incident light without reducing the image
quality. Some achromatic metalenses mentioned in Section 3
are also polarization-insensitive [77,90,105,110,128]. This
design gets rid of the constraints of incident light
polarization on the metalenses and improves the tolerance
of metalenses in different illumination environments.

4.3 Other functional imaging

A compact quantitative phase gradient microscope
(QPGM) was proposed based on two integrated metasur-
faces [129]. Its principle, which is demonstrated in Fig.
9(a), is to capture three differential interference contrast
(DIC) images in one shot and then generate a quantitative
phase gradient image. This vertically integrated functional
metalens microscope has been verified by experimentally
capturing phase gradient images of transparent samples
[129]. The quantitative phase imaging (QPI) of transparent
samples plays a vital role in biomedical research, and the
emergence of metalenses makes these systems miniatur-
ized, which can be applied to point-of-care diagnostics and
in vivo imaging.

Two orthogonal polarizations were used in another study
(shown in Fig. 9(b)) to independently adjust different light
fields (lens focus and spiral phase), which allows to realize
switching between bright-field imaging and spiral phase
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Fig. 8 (a) Schematic diagram of the MEMS-assisted metasurface triplet operating as a compact focus tunable microscope. (b) Schematic
diagram of the rotationally tunable multifocal Moiré metalens. (c) Schematic diagrams of the rotationally tunable metalens doublet
showing negative focal length variation (left), no focus (middle), and positive focal length variation (right). (a) Reproduced with
permission from Ref. [125]. (b) Reproduced with permission from Ref. [126]. (c) Reproduced with permission from Ref. [127]
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Fig. 9 (a) Left-hand side: schematic diagram of the principle of QPGM. Right-hand side: phase gradient image (PGI) formed by combining
three DIC images (I}, I, and I5). (b) LCP incident on the metasurface results in an output beam with Gaussian intensity distribution and a bright-
field image. RCP incident on the same metasurface results in an output beam with donut-shaped intensity distribution and a spiral phase contrast
image. (c) Microscopic spectral tomography images of frog egg cells with aplanatic metalens at different wavelengths. (d) Schematic diagram of
the metalens-array-based quantum source. (a) Reproduced with permission from Ref. [129]. (b) Reproduced with permission from Ref. [130].

(c) Reproduced with permission from Ref. [131]. (d) Reproduced with permission from Ref. [132]

contrast imaging [130]. This multifunctional imaging can
also be applied to other light fields to achieve active control
of imaging.

The previous section mentioned that researchers have
made a lot of efforts to eliminate the chromatic aberration
of metalenses. However, Chen et al. made full use of large
diffractive dispersion characteristics of metalenses to
design a spectral imaging system to achieve spectral
focus tuning and optical zooming in the visible light
spectrum [131] (Fig. 9(c)). Tomographic images of two
microscopic frog egg cells were pictured by this metalens
with excellent depth-of-field (DOF) features [131].

Owing to the advantages of fast speed, long coherence
time, and large information capacity of photon, quantum
optical systems are one of the most significant physical
systems in the field of quantum information processing.
However, the generation of high-fidelity, large-dimen-
sional, and multiphoton entangled quantum light sources is
still challenging. Li et al. utilized GaN metalens array to

encode the spontaneous parameter process of nonlinear
crystals for generating and controlling complex quantum
source [132]. This approach not only increases the
dimensionality of quantum entanglement, but also allows
coherent control of multiple photons (Fig. 9(d)). This
compact, stable, and controllable quantum source has the
potential to provide an ideal platform for the development
of advanced on-chip quantum photonic information

processing.

5 Conclusions and outlook

The processing technology and application of metalenses
have been rapidly developed in recent years. In this paper,
we summarized the design principles of metalenses, the
approaches of broadband achromatic metalenses for full-
color imaging, and the functional applications of meta-

lenses.
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Following the development of metasurface, the material
of metalenses have been developed from metallic to
transparent dielectric materials for manipulating light in a
broader wavelength range from ultraviolet to infrared; the
optical field modulation methods have been expanded
from single-phase modulation approach to combining the
manipulation methods of various optical parameters for
realizing specific functions; the structures of metalenses
have been complicated from single layer to multiple layers
for achieving multiple functions; the operational principles
of metalens have been exploited from static switching the
optical properties of light to dynamic tuning the electro-
magnetic waves for a series of continuous manipulation.

Metalenses can realize flexible design of phase,
amplitude, and polarization in the sub-wavelength scale
and have the advantages of planarization and low loss. In
many specific application circumstances, the introduction
of metalens can effectively promote the integration,
improve the reliability, and expand the functions of optical
systems. We believe that the future development of
metalens may head to two completely different directions:
simple structure but pursuing extreme performance and
complex design but integrating multiple functions. There-
fore, rather than completely replacing conventional optical
lenses, metalenses have a brighter future to functionalize
the optical systems, and manipulate electromagnetic wave
at sub-wavelength scale under specific application occa-
sions.
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