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Introduction
Global energy consumption reached 2.9% in 2018 and is continuing to rapidly increase 
[1]. Fossil fuels (coal, crude oil, natural gas, etc.) are the mainstream sources of energy 
in modern societies. However, known reserves are likely to substantially deplete in the 
next one hundred years. Moreover, there are well-documented associated environmen-
tal concerns related to their usage [2–4]. Renewable energy sources such as bioenergy, 
biomass, wind, sunlight, tide, and hydrogen [5–9] have attracted widespread attention 
owing to their environmental friendliness and inexhaustibility. Among them, the use of 
solar-thermal energy precedes that of any other renewable energy technologies, and can 
be traced back to several centuries BC in terms of the lighting of fires for various pur-
poses, e.g., lighting the Olympic torch, wars and performances in Mesopotamia, ancient 
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Solar energy is an inexhaustible renewable energy resource, which is a potential solu-
tion to global warming and aids sustainable development. The use of solar-thermal 
collectors to harness solar energy facilitates low-cost heat storage and can improve 
the stability of power grids based on renewable energy. In solar-thermal collectors, 
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increase the cost of solar-thermal power stations and hinder their further applications. 
In contrast, planar meta-lenses (so-called metasurface-based concentrators) consist-
ing of two-dimensional nanostructured arrays are allowed to engineer the frequency 
dispersion and angular dispersion of the incident light through delicately arranging the 
aperture phase distribution, thereby correcting their inherent aberrations. Accordingly, 
the novel meta-lenses offer tremendous potentials to effectively capture broadband, 
wide-angle sunlight without the extra tracking system. This review summarizes the 
research motivation, design principles, building materials, and large-area fabrication 
methods of meta-lens for solar energy harvesting in terms of focusing efficiency, 
operation bandwidth, and angular dependence. In addition, the main challenges and 
future goals are examined.
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Greek and Roman with the help of burning glass (namely primitive lens) technology 
[10–12]. In addition, solar energy is still the most abundant renewable energy resource 
that is available on Earth, except for the dual dissipation owing to the atmosphere and 
clouds, as shown in Fig. 1(a). According to data published by the World Radiation Cen-
tre, the solar energy incident on the outer atmosphere of Earth is 1367 W/m2 with 1% 
uncertainty. Only 0.1% of this irradiance value can generate four times the entire world 
consumption capacity, even at an efficiency of 10% [18]. Thus, solar energy is a promis-
ing solution to the global energy crisis.

Concentrated solar power (CSP) systems [15, 19–21] are required to continu-
ously harness the solar energy that penetrates through the Earth’s atmosphere with 
high efficiency. Using this scheme, solar radiation is concentrated over a point or 

Fig. 1  (a) Energy budget of the solar energy that is incident on the Earth’s surface (from NASA sources). 
(b) Schematic of different concentrating solar systems: (I) Parabolic trough solar collector; (II) Linear Fresnel 
reflector; (III) Parabolic dish; (IV) Solar tower. (c) c(I) Solar field of SENERtrough® cylindrical-parabolic 
collectors. Aerosol and Termesol thermosolar plants, owned by Torresol Energy. c(II) Gemasolar thermosolar 
plant, owned by Torresol Energy and developed by SENER. Tracking mechanisms for parabolic trough 
solar collector: (d) East-west tracking and (e) north-south tracking. (a) Reproduced with permission [13]. 
Copyright 2013, Elsevier. (b) Reproduced with permission [14]. Copyright 2012, Royal Society of Chemistry. (c) 
Reproduced with permission [15]. Copyright 2017, Elsevier. (d) Reproduced with permission [16]. Copyright 
2017, Elsevier. (e) Reproduced with permission [17]. Copyright 2011, Elsevier
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line-shaped solar-thermal collector to produce high-temperature thermal energy for 
applications such as heating [17, 22–27], thermal energy storage [13, 28–30], and the 
production of electricity [31, 32]. Owing to their economic feasibility and broad com-
patibility with other traditional or renewable energy sources, it is predicted that CSP 
plants will supply up to 7% of global electricity demand by 2030, and potentially 25% 
by 2050 [33].

Depending on the adopted focusing strategy, CSP systems can be classified into two 
categories: line focusing types including parabolic trough solar collectors [16, 34–36] 
(Fig.  1b(I)) and linear Fresnel reflectors [37, 38] (Fig.  1b(II)), and point-focusing type 
that utilize a parabolic dish [14, 20, 39–42] (Fig. 1b(III)), which include the solar tower 
[43–45] (Fig. 1b(IV)). These lenses and reflectors continuously modulate the propagation 
phase of solar radiation according to their refraction indices and spatial locations. Each 
of them has different capabilities in terms of temperature range, cost, efficiency, etc. For 
example, parabolic trough collectors (Fig. 1c(I)) and solar towers (Fig. 1c(II)) are conveni-
ent options for electricity generation due to their low operating cost, high efficiency, and 
flexibility of scaling in large power plants [14, 46]. In a CSP system, a one-axis (parabolic 
trough) or two-axis (linear Fresnel reflector, solar tower, and parabolic dish) with a sun 
tracking system (as shown in Fig. 1(d-e)) typically utilize lenses and mirrors to ensure that 
the incident solar radiation is perpendicular to the reflection apertures throughout the 
daytime, so that the radiant energy can be effectively collected. This leads to extra com-
plexity and higher cost.

Alternatively, optical metasurfaces [47–56] have planar structures consisting of build-
ing blocks (also called artificial meta-atoms) at subwavelength scales. They exhibit 
unusual abilities to manipulate electromagnetic waves on-demand, thereby offering a 
fundamentally new method for generating discrete phase profiles via strong coupling 
between building blocks and incident waves. Optical meta-lenses, namely metasurface-
based concentrators, exhibit great potential to achieve considerable angle dispersion and 
frequency dispersion through designing the building blocks. Thus, they are expected 
to replace traditional lenses and mirrors to efficiently capture broadband, wide-angle 
sunlight without the need for tracking sun systems to generate cost-effective electricity 
by exploiting spatially distributed solar energy. In addition, they are more suitable for 
the development of compact platforms than the curved lenses or mirrors used in CSP 
systems.

Over the past few years, metasurfaces have been utilized for various fascinating 
applications, such as in beam-shaping devices [47, 57–60] (Fig.  2(a)), holographic 
imaging [61, 65–68] (Fig. 2(b)), polarization converters [69–72], surface wave couplers 
[62, 73–77] (Fig.  2(c)), meta-lenses [63, 78–81] (Fig.  2(d)), and reconfigurable meta-
devices [64, 82–87] (Fig.  2(e)), wherein specific dispersive properties are required. 
Meta-lenses are among the most commonly explored meta-optical devices, driven by 
applications in microscopy and imaging [88]. They have facilitated the development of 
revolutionary tools to modulate the scattering patterns in near or far fields. Recently, 
planar meta-lenses have been adopted in augmented reality and virtual reality (VR) 
optics, due to their extremely thin profiles compared to conventional optical elements 
[89–94]. Although meta-lenses have been widely investigated in a variety of optical 
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systems, there is no review systematically discussing them regarding solar energy col-
lection so far.

This review presents a summary of current research and the main challenges associ-
ated with the use of meta-lenses to capture sunlight to the best of our knowledge. It is 
organized as follows: After briefly introducing the state-of-the-art and significance of 
solar energy concentration in Section 1, we present the design fundamentals of a meta-
lens in Section  2. Then, the three key factors (including focusing efficiency, operation 
bandwidth, and angular stability) that directly impact the performance of solar concen-
trators are fully discussed in Section 3 to Section 5, respectively. Section 6 introduces the 

Fig. 2  (a) Light propagation with phase discontinuities: (I) Scanning electron microscope (SEM) image of a 
representative antenna array. (II) Schematic experimental setup for y-polarized excitation (electric field normal 
to the plane of incidence); (III and IV) Measured far-field intensity profiles of the refracted beams for y- and 
x-polarized excitations. (b) Illustration of a reflective nanorod-based computer-generated hologram for a 
circularly polarized incident beam. (c) Schematic description of a specific gradient index metasurface that 
can convert a propagating wave into a surface wave with nearly 100% efficiency. (d) Reconfigurable Huygens’ 
meta-lens and characteristics of meta-atom: (I) Active Huygens’ meta-lens for dynamic electromagnetic 
wave focusing. Upper-right inset: spatial distribution of the capacitances used to achieve two focal spots; (II) 
Capacitance-dependent phase and amplitude responses of electromagnetic wave transmission for incident 
electric and magnetic fields. (e) 1-bit digital metasurface and coding metasurface: (I) 1-bit digital metasurface 
composed of only two types of elements: ‘0’ and ‘1’; (II) A square metallic patch unit structure (inset) to 
realize ‘0’ and ‘1’ elements and the corresponding phase responses; (III and IV) Two 1-bit periodic coding 
metasurfaces for controlling the scattering of beams. (a) Reproduced with permission [47]. Copyright 2011, 
American Association for the Advancement of Science. (b) Reproduced with permission [61]. Copyright 2015, 
Nature Publication Group (NPG). (c) Reproduced with permission [62]. Copyright 2012, NPG. (d) Reproduced 
with permission [63]. Copyright 2017, Wiley-VCH. (e) Reproduced with permission [64]. Copyright 2014, NPG
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fabrication method for large-area all-dielectric meta-lenses before the conclusion and 
outlook of meta-lenses for solar-thermal energy harvesting are given in the end.

Design principles and physical mechanisms
To design a flat meta-lens with desired features, three factors including the full-phase 
meta-atom design, arrangement of the target phase profile, and building material selec-
tion, must be carefully considered.

The target phase profile is generally calculated using either ray tracing or a Fourier-
optics method to implement various special functions such as aberration correction, 
high-efficient focus, and a large numerical aperture (NA) at a selected wavelength. To 
focus planar incident light at an arbitrary target point, the typical distribution of phase 
retardation of a meta-lens is calculated as follows:

where ρ is given by 
√

x20 + y20 , which represents the distance from the arbitrary position 

(x0, y0) to the predefined origin of the coordinates on the plane of the meta-lens, f is the 
focal length (FL), and λ0 is the operation wavelength. The phase profile is similar to that 
of a series of concentric circles for an aperture with a decreasing phase delay from the 
projection location of the focal spot to the edge of the meta-lens.

To introduce a predesigned phase profile based on a calculation using Eq. (1), the 
phase modulation introduced by the meta-atoms should cover the full phase from 0 to 
2π [47, 95]. A full-phase response can be achieved either by resonant or non-resonant 
effects, as shown in Fig. 3(a), or a combination of both [96]. The resonant effects that can 
generate a sufficient phase shift typically include localized resonances (Mie resonances 
[97, 101, 102] shown in Fig. 3(b), Fabry-Perot resonances [72, 103–107], and plasmonic 
resonances [98, 108, 109] illustrated in Fig.  3(c)) and extended resonances (photonic 
crystals [99, 110–112] in Fig. 3(d) and high-contrast gratings [113–115]). Owing to its 
multi-pass property, the resonant strategy tends to exhibit a relatively low aspect ratio 
(AR), which yields several advantages for sample fabrication and reproducibility. How-
ever, the intrinsically narrow operating bandwidth and sensitive manufacture tolerance 
lead to limitations in their practical applications.

The non-resonant strategy can control the phase shift of the wavefronts that inter-
act with the nanostructures by adjusting the effective refractive index, which is deter-
mined by the periodicity, diameter, and height of the meta-atoms at a subwavelength 
scale (Fig. 3(e)), or by exploiting the geometric phase (Fig. 3(f )). The former propagation 
phase is stimulated by waveguides or waveguide-like modes without polarization selec-
tion [100, 116–118] and can be derived as [119]

where neff is the effective refractive index, and H is the height of the basic blocks. To 
achieve 2π phase coverage between unit cells with maximum and minimum filling fac-
tors, the height of the meta-atom should satisfy the following condition:

(1)ϕ(ρ, �0) = − 2π ρ2 + f 2 − f /�0

(2)ϕ =
2π

�0
neff H



Page 6 of 35Zhang et al. PhotoniX            (2022) 3:28 

Fig. 3  (a) High-level schematic of various of nanostructures to achieve phase control in metasurfaces. (b) 
Schematic of Mie resonant: an (infinite) array of nanodisks represented as electric and magnetic dipoles 
with polarizabilities αe and αm for x-polarized incident light. Electric (colored arrows) and magnetic (plain 
color-coded) field distributions of the magnetic (right-top) and electric (right-bottom) mode of a silicon 
(Si)-nanodisk metasurface. (c) Schematic designs and the results of full-wave simulations of the individual 
Babinet-inverted nanoantennas. The pseudo-color field map indicates the cross-polarized light scattered 
from each nano-antenna. (d) Photonic nanocavities using a two-dimensional (2D) photonic-crystal slab: (I) 
Starting cavity structure with three missing air rods (I) and designed cavity structure created by displacing the 
air rods at both edges (IV); (II and III) and (V and VI) Electric field profile and 2D Fourier transform spectrum, 
respectively, for the designed cavity shown in (I) and (IV). (e) Schematic of the Fourier meta-lens (I) and 
magnetic intensity distribution of the dielectric waveguide (II). Intensity distribution in the focal plane (III). 
(f ) PB geometric phase variation of the co-polarization (solid lines) and cross-polarization (dashed lines) 
transmitted wave, as a function of the orientation angle of the unit cell. The inset shows a visualization 
of the PB phase on the Poincaré sphere. (a) Reproduced with permission [96]. Copyright 2019, Optical 
Society of America (OSA). (b) Reproduced with permission [97]. Copyright 2015, Wiley-VCH. (c) Reproduced 
with permission [98]. Copyright 2013, NPG. (d) Reproduced with permission [99]. Copyright 2003, NPG. 
(e) Reproduced with permission [100]. Copyright 2018, Wiley-VCH. (f ) Reproduced with permission [69]. 
Copyright 2015, Wiley-VCH
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where n is the refractive index of the building material. Once the material is decided, the 
dimension along the transmission direction is essentially fixed, resulting in the enhance-
ment of the optical frequency. In addition, the corresponding profile is significantly ele-
vated, setting a stricter requirement for the processing technology.

The latter method, known as Pancharatnam-Berry (PB) phase modulation [69, 120–122], 
must be triggered by circularly polarized incident light, and the corresponding phase 
responses are positive relative to the rotation angle of the nanofins or nanopillars. The Jones 
matrix can be used to describe the geometric phase modulation, and thus, an anisotropic 
unit cell with a space-varying fast axis can be expressed as [123, 124]

where tx/rx and ty/ry are the transmission/reflection coefficients of the linearly polarized 
incident light along the long and short axes of the nanofins or nanopillars, respectively. 

M(θ) denotes a rotation matrix 
[

cos θ − sin θ
sin θ cos θ

]

 . When exposed to circularly polarized 

light, using the Jones matrix, the transmitted/reflected electric field from anisotropic 
meta-atoms can be described as follows:

Equation (6) and (7) show that the output electric fields consist of two orthogonal cir-
cular polarizations (CPs). The second term on the right side of Eq. (6) and (7) implies 
that the transmitted or reflected light acquires an opposite-handedness and is simulta-
neously phase-shifted by arg

(

tx/rx−ty/ry
2

)

± 2θ . Thus, when the nanofins or nanopillars 

rotate by θ, a phase delay of ±2θ is realized considering the different spin states. There-
fore, the geometric phase can cover the entire 2π range when an anisotropic nanostruc-
ture is rotated from 0 to π. Note that the sign of the additional phase ±2θ depends on 
the incident CP states (incident light with left-handed CP has a positive phase, but a 
negative phase is added to the right-handed circular waves). Furthermore, with the fur-
ther development of meta-theory, high-order geometric phases equal to multiple times 
the rotation angle (±3θ, ±4θ...) have been achieved using meta-atoms with high fold 
rotational symmetries [125]. Unlike the resonant phase modulation methods, the geo-
metric phase is not sensitive to the incident wavelength, and therefore is convenient for 
broadband performance. However, the polarized-sensitive PB structures typically 

(3)H =
�0

n− 1

(4)T = M(−θ)

[

tx 0
0 ty

]

M(θ)

(5)R = M(−θ)

[

rx 0
0 ry

]

M(θ)

(6)
[

Etx
Ety

]

=
tx + ty

2

[

1
± i

]

+
tx − ty

2
exp (±i2θ)

[

1
∓ i

]

(7)
[

Erx
Ery

]

=
rx + ry

2

[

1
± i

]

+
rx − ry

2
exp (±i2θ)

[

1
∓ i

]
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require a higher AR than resonant scatters because of the limited refractive index of the 
building materials [126].

In addition, a detour phase modulation strategy has also been reported to control the 
propagation phase along a different direction from the incident one [127, 128]. The prin-
ciple of the detour phase modulation is shown in Fig. 4(a) [129]. When a light shines on 
two adjacent meta-atoms, it will be diffracted and produce a second wave of identical 
phase. With regard to the diffraction wave at a fixed refraction angle θ, the correspond-
ing phase difference Δφ can be derived as

Therefore, the required full-phase response is achieved by continuously chang-
ing the distance D between the meta-atoms without considering the polarization state 
and incident angle. Due to these natural advantages, the detour phase is used widely 
in holographic imaging, beam shaping (Fig. 4(b)), optical signal processing, and others 
[130–133], but seldomly for meta-lens design because of the relatively low energy distri-
bution at the high order diffraction.

Finally, for the building materials selection, plasmonic metals (e.g., Al, Ag, Au, etc.) in 
early research were widely used for meta-lens design, but their ohmic losses significantly 
degrade performance at optical frequencies [57, 79, 98, 108, 134–141]. For instance, Pors 
et al. proposed a reflection-type broadband focusing flat mirror in the near-infrared (NIR) 
regime. The metal-insulator-metal configuration was adopted to realize a hyperboloidal 
phase profile, in which the top metal layer consisted of a subwavelength periodic arrange-
ment of nanobricks with different sizes [79]. The designed structure has been fabricated 
and characterized, and its broadband-focusing properties have been confirmed. How-
ever, at a wavelength of 800 nm and an FL of ~ 12 μm, an efficiency of merely 30% was 
achieved. Compared to its microwave and terahertz counterparts [70, 139], such an opti-
cal meta-lens has a relatively low efficiency, which is mainly due to fabrication errors and 
material losses. A transmission-type plasmonic meta-lens consisting of complementary 
Babinet-inverted nanoantennas was demonstrated by Ni et al. to focus the transmission 
of the NIR energy [98]. The nanovoids allow for discrete phase shifts ranging from 0 to 2π 
for cross-polarized scattered light, and therefore, focusing at a distance of only 2.5 mm 

(8)�ϕ = 2πD sin θ/�

Fig. 4  a Principle of the detour phase. b Schematic of the detour phase metasurface for dual-polarized 
vortex beam generation. a Reproduced with permission [129]. Copyright 2016, Wiley-VCH. b Reproduced 
with permission [130]. Copyright 2022, IEEE
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was experimentally achieved using a 4 mm diameter meta-lens for light with a wave-
length of 676 nm by utilizing predesigned meta-atoms. Although this type of meta-lens 
is extremely small (just a few micrometers in diameter) and thin (much smaller than the 
wavelength), the focusing efficiency of plasmonic meta-lenses is minimal due to the inevi-
table ohmic losses at high frequencies. Considering the difficulty in improving the focus-
ing ability by employing metal materials, dielectric materials that can drastically increase 
focal efficiency have attracted much attention in recent years. Furthermore, these mate-
rials are naturally more compatible with complementary metal-oxide-semiconductor 
technologies [142–144]. In particular, dielectric-resonance/non-resonance-based optical 
meta-lenses exhibit numerous advantages compared to their metallic counterparts.

Given that the refractive index and loss characteristic exhibit frequency dispersions, 
the common materials for building optical metasurfaces are summarized based on their 
operation wavelengths. For example, niobium pentoxide (Nb2O5) [145], hafnium oxide 
(HfO2) [146, 147], and aluminum nitride (AlN) [148, 149] are utilized for the ultraviolet 
(UV) band; titanium dioxide (TiO2) [119, 150–155], silicon nitride (Si3N4) or silicon-rich 
nitride (SiNx) [156–159], crystalline silicon (c-Si) [160–162], and gallium nitride (GaN) 
[163–165] are candidates for the visible regime; germanium (Ge) [166, 167], poly-silicon 
(p-Si) [114, 142], amorphous silicon (a-Si) [168–172], and lead telluride (PbTe) [173, 174] 
are suitable for infrared (IR) wavelengths.

Focusing efficiency
The efficiency of a meta-lens is key to its application in a solar-thermal system. To con-
struct a high-efficiency meta-lens, the ideal building materials require a low absorption 
coefficient, high refractive index, and ease of manufacture. From Fig. 5(a), the solar radia-
tion covers the ultra-broad bandwidths from the NIR region (from 780 nm to 2526 nm) 
to the deep-UV (DUV) range (from 190 nm to 280 nm) [18, 176, 177]. According to the 

Fig. 5  (a) Conceptual depiction of the spectrum of solar irradiance, i.e., the power density of solar radiation 
as a function of wavelength. (b) Schematic of the aperiodic HCTA lens (left panel of b(I)), optical microscopy 
image of a fabricated HCTA lens (middle panel of b(I)), and SEM images (right panel of b(I)) of the Si posts 
that form the HCTA lens. b(II) Logarithmic scale electric energy density at the plane of focus. b(III) Measured 
plane of focus FWHM spot size, transmission, and focusing efficiency of the HCTA micro-lens as a function of 
focusing distance. (a) Reproduced with permission [18]. Copyright 2021, published by Springer Nature. (b) 
Reproduced with permission [175]. Copyright 2015, NPG
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aforementioned introduction of the building materials, a meta-lens that is formed using 
different materials generally operates at the corresponding spectrum, and thereby, we 
will introduce the high-focusing-efficiency optical meta-lenses in terms of their working 
wavelengths, including the NIR [169, 174, 178–182], visible [134, 152, 164, 165, 183–187], 
and UV bands [146, 148, 149, 188–193]. The focusing efficiency is defined as the optical 
power confined within a focal spot divided by the corresponding incident power.

NIR wavelengths

a-Si has both a high refractive index and mature nanofabrication technology, and is the 
best candidate in the NIR range. By utilizing this element, Arbabi et al. reported on a 
linear-polarization (LP)-insensitive, micron-thick (0.038λ0), high-contrast transmit array 
(HCTA) micro-lens (Fig. 5b(I)). The hexagonal lattice (top-right of Fig. 5b(I)) consisted 
of different a-Si circular posts that were specially designed as the basic nanoblock to 
realize a large transmittance (more than 92%), and their phase could be tuned from 0 
to near 2π using the propagation phase induced by truncation waveguide modes [175]. 
Based on careful structural adjustment, the optimum phase masks that were fabricated 
in one lithographic step could focus 1550 nm light from a single-mode fiber to the small-
est diffraction-limited spots (Fig.  5b(II)) with an efficiency of up to 82% (Fig.  5b(III)). 
Kenney et  al. demonstrated meta-lenses that operated at 1064 nm, with a 1 mm aper-
ture and four different FLs (0.5 mm, 1.0 mm, 2.0 mm, and 5.0 mm). The meta-lenses were 
composed of a-Si pillars with a height of 700 nm with a diameter ranging from 70 nm to 
360 nm, which were fabricated using electron-beam lithography (EBL) and reactive ion 
etching (RIE), on top of a fused-silica (SiO2) substrate [194]. The focusing efficiency of 
the fabricated meta-lens was measured up to 67%. Furthermore, large-area meta-lenses 
with 10 mm apertures for which the number of pillars per meta-lens exceeds 550 million 
have been designed and manufactured by utilizing an efficient Python script in 14 hours 
using EBL. However, because of intrinsic ohmic losses, the performance of p-Si, a-Si, or 
PbTe deteriorates substantially in the visible to UV regions. In contrast, c-Si, TiO2, and 
GaN have been utilized to improve the focusing efficiency in the visible range.

Visible light region

Liang et al. proposed an ultrahigh NA (1.48 for experiment and 1.73 for simulation) high 
transmittance meta-lens in the visible range (Fig. 6a(I)), based on c-Si, which has a higher 
refractive index than that of TiO2 and GaN. This facilitates the further increase of the NA 
[160]. By utilizing the geometric phase approach that was realized using nanobricks on 
a sapphire film (Fig. 6a(II)) in an arrangement determined using a hybrid optimization 
algorithm, the meta-lens was operated in the air (left side and middle side of Fig. 6a(III)) 
with a full width at half maximum (FWHM) of 277 nm (right side of Fig. 6a(III)), and 
the focusing efficiency reached 67% at 532 nm wavelength. The corresponding FWHM 
can be reduced to 207 nm (right side of Fig. 6a(IV)) when the meta-lens is immersed in 
oil with a refractive index of 1.512 (left side and middle side of Fig. 6a(IV)). Phan et al. 
introduced a strategy for optimizing the focusing efficiency of a meta-lens in a compu-
tationally efficient manner [195]. By stitching together individually optimized apertures, 
a large-area, high-NA c-Si meta-lens with focusing efficiencies exceeding 90% was dem-
onstrated at 640 nm when illuminated with linearly polarized electromagnetic radiation. 
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Although the fabrication process was fully compatible with microelectronic technol-
ogy and scalable, the optical loss of c-Si still increased as the frequency of the incident 
light increased, leading to the degradation of the performance in the visible regime. 
To overcome this problem, a new nanofabrication method called atomic layer deposi-
tion (ALD) [119] was utilized by Khorasaninejad et al. to develop a TiO2 meta-lens (left 
side of Fig.  6b(I)) comprising waveguide-mode-like nanopillars that could control the 

Fig. 6  (a) (I) Schematic of the c-Si meta-lens. (II) Meta-lens consists of c-Si nanobricks on a sapphire substrate. 
Focusing performance of the meta-lens in air (III) and immersion oil (VI). (b) (I) Schematic of a meta-lens 
operating in transmission mode (left panel). Right panel: Side view and top view of the meta-lens building 
block. Top view SEM image of the center portion (left side of (II)) and a portion at higher magnification 
(right-top of (II)) of the fabricated meta-lens. Side view SEM image of the edge of the meta-lens (right-bottom 
of (II)). (III) Solid lines: required analog phase. Circles: digitized phase profiles of the meta-lenses designed at 
wavelengths of 660 nm (left), 532 nm (middle), and 405 nm (right). Corresponding 2D simulated intensity 
profiles at focal planes. (a) Reproduced with permission [160]. Copyright 2018, American Chemical Society 
(ACS). (b) Reproduced with permission [119]. Copyright 2016, ACS
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transmission phase based on the size of their diameters (right side of Fig. 6b(I)). Optical 
images of the sample are illustrated in Fig. 6b(II) for different scale bars. Three distinct 
meta-lenses with design wavelengths of 660 nm, 532 nm, and 405 nm were fabricated 
using EBL, and the phase profiles (first line of Fig. 6b(III)) were calculated using Eq. (1). 
These meta-lenses had the same diameter of 240 mm and an FL of 90 mm (second line of 
Fig. 6b(III)), yielding a NA of 0.8. In particular, owing to the high transparency of TiO2 
in the visible spectrum and excellent accuracy, the highest focusing efficiency was 86% 
at an incident wavelength of 405 nm. However, the fabrication technique used for TiO2 
metasurface relies on the ALD process, which is relatively slow and costly, and restricts 
the thickness and AR to less than 600 nm and 15, respectively [119, 152]. Currently, GaN 
meta-lenses are attracting much attention owing to their relatively well-developed and 
low-cost fabrication techniques that are used in the production of light-emitting diodes. 
Moreover, they can serve as a potential platform to study the interaction between nano-
structures and a gain medium [196, 197]. Hence, Chen et al. demonstrated three individ-
ual GaN-based in-plane (Fig. 7a(I)) and off-axis (Fig. 7a(II)) meta-lenses that operated in 
a transmission window with extremely high operation efficiency for visible light (87% @ 
633 nm; 91.6% @ 530 nm; 50.6% @ 430 nm) by utilizing the geometrical phase [164].

UV wavelengths

Meta-lenses based on dielectric materials such as c-Si, TiO2, GaN, etc. have recently been 
demonstrated to operate in the visible range with high focusing efficiency. However, they 
are hindered by the inter-band transitions of these materials (e.g., c-Si at ~ 1.1 eV, TiO2 
at ~ 3.2 eV, and GaN at ~ 3.4 eV), when operating in the UV band, and the corresponding 
device efficiencies are limited owing to significant absorption losses because of the rela-
tively narrow bandgaps, which are low or near the minimum photon energy (~ 3.26 eV) 
of incident UV light. Therefore, the UV-transparent Nb2O5 (~ 3.65 eV), HfO2 (~ 5.7 eV), 
and AlN (~ 6.0 eV) are appropriate choices for UV meta-lens design, both because of 
their wide bandgaps and high refractive indices [198].

Fig. 7  (a) Simulated focusing property from six distinct meta-lenses consisting of individual nanopillar arrays 
for red, green, and blue colors, respectively. Schematic of in-plane, on- (I) and off-axis (II) focusing meta-lens. 
Right side of (I) and (II): distribution of electric field intensity of the in-plane, on- and off-axis focusing 
meta-lens at the incident wavelengths of 430 nm (blue color map), 532 nm (green color map), and 633 nm 
(red color map). (b) (I) Schematic of a metasurface unit cell. (II) SEM image of the meta-lens. Left side of (III): 
Schematic of focusing. Right side of (III): Cross-focus cuts and intensity distributions in the focal plane. (a) 
Reproduced with permission [164]. Copyright 2017, ACS. (b) Reproduced with permission [142]. Copyright 
2020, NPG
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Zhang et al. demonstrated a high-NA (0.6) meta-lens that operated at UV wavelengths 
(364 nm and 325 nm), including wavelengths down to the DUV range [146]. The meta-lens 
was constructed using high AR HfO2 (which is UV-transparent and has a high refractive 
index) nanopillars on a quartz substrate (Fig. 7b(I)), which acted as a truncated dielectric 
waveguide with top and bottom interfaces of low reflectivity. This allowed for light propa-
gation with a transmittance and phase shift controlled by the nanopillar height, nanopillar 
diameter, and lattice spacing. The optical image of the sample is shown in Fig. 7b(II). Two 
500 μm diameter, polarization-independent meta-lenses with identical NAs of 0.6 (corre-
sponding to an FL of 330 μm as shown in the left side of Fig. 7b(III)), were used to focus UV 
light at respective free-space wavelengths of 364 nm (middle side of Fig. 7b(III)) and 325 nm 
(right side of Fig.  7b(III)) and focusing efficiencies of 55.17 ± 2.56% and 56.28 ± 1.37%, 
respectively. The results of theoretical studies on UV meta-lenses have been reported based 
on MgO (~ 7.8 eV), Si3N4 (~ 5.0 eV), and AlN nanoblocks [198], and based on careful pat-
tern design, a calculated focusing efficiency as high as 94% (380 nm, the best value reported 
in the UV range so far) was achieved using a MgO meta-lens and the PB phase method 
[188]. Although this result has not been experimentally verified, the meta-lens exhibited 
great potential for promoting and improving the integration and miniaturization of UV 
photonic devices.

All the designs described in this section are based on Eq. (1), for which the nanoparti-
cles are simulated at normal incidences using periodic boundary conditions. This design 
method assumes that the interaction between adjacent nanostructures in a meta-lens is 
similar to that in the periodic approximation without considering the actual near-field cou-
pling among them. This directly results in perturbation of the wavefront and a reduction 
in the efficiency, even though the transmittance or reflection amplitude of the basic unit 
cell is highly optimized. This phenomenon is observed if the target phase profile changes 
slowly with the spatial coordinates (namely, the nanostructure geometry doesn’t change too 
rapidly). In addition, this effect can be considered in the case of comprehensive full lens 
simulation followed by optimization to increase efficiency [199, 200].

Operation bandwidth
Meta-lenses that operate at a dot frequency or narrow bandwidth can achieve high focusing 
efficiency, whereas, for the solar energy that reaches the surface of Earth, IR radiation makes 
up 49.4% while visible light accounts for 42.3%. UV radiation makes up over 8% of the total 
solar radiation as shown in Fig. 5(a) [18, 176, 177]. Hence, it is necessary to broaden the 
operation bandwidth of meta-lenses to match the solar spectra to achieve a better energy 
collection efficiency. In the case of a chromatic meta-lens, the FL changes as the incident 
wavelength is changed, resulting in a rainbow-like focal line when it is illuminated by a light 
source with a continuously changing wavelength (left side of Fig. 8(I)). Hence, achromatic 
meta-lenses (right side of Fig.  8(I)) with continuous operational wavelengths are in high 
demand for concentrating broadband planar light into one focal spot or line.

Initially, researchers attempted to eliminate chromatic aberration in a wide spectrum 
from λmin to λmax by directly introducing continuous phase compensation to Eq. (1), and 
therefore, it can be rewritten as [201]

(9)ϕ(ρ, �) = ϕ(ρ, �max)+�ϕ(ρ, �)
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where the former term on the right side of Eq. (9) denotes the essential phase profile at 
the wavelength λmax. The required phase difference (latter term on the right side of Eq. 
(9)) varies with the incident wavelength and can be expressed as follows:

which is a function of the operation wavelength (presenting a linear relationship with 
1/λ) and requires elaborately designed resonators. Based on this approach, Wang et al. 
designed and experimentally validated a NIR meta-lens for removing chromatic aber-
ration over a continuous wavelength region from 1200 nm to 1680 nm for circularly 
polarized incidence light in a reflection scheme [201]. By exploiting the geometric phase 
in combination with phase compensation from specially designed integrated-resonant 
unit elements (IRUEs, right side of Fig. 8(I)), the meta-lens could provide an exact phase 
profile (Fig. 8(II)) as the ideal requirement calculated using Eq. (10). It was capable of 

(10)�ϕ(ρ, �) = −

[

2π

(

√

ρ2 + f 2 − f

)](

1

�
−

1

�max

)

Fig. 8  Schematic of chromatic (left side of (I)) and achromatic (right side of (I)) meta-lens. (II) Phase profile of 
a broadband achromatic meta-lens at an arbitrary wavelength. (III) Operation efficiency at the corresponding 
focal plane as a function of wavelength. (IV) Experimental (top row) and numerical (bottom row) intensity 
profiles of broadband achromatic meta-lens along axial planes. Reproduced with permission [201]. Copyright 
2018, NPG
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focusing the plane waves within the operation wavelength at the same focal spot (first 
and second lines of Fig.  8(IV). This represents the measured and numerical 2D map-
pings of focal spots, for which the average focusing efficiency was on the order of 12% 
(Fig.  8(III)). Subsequently, the analogous response phenomena have been successfully 
utilized for higher frequency light by selecting the appropriate building materials and 
adopting a similar method to fulfill the required phase compensation. Hsiao et al. pro-
posed a special type of sandwich IRUEs with each building block (Al multi-nanorods/
SiO2/Al shown in Fig. 9a(I)) comprised of one to a maximum of three nanorods depend-
ing on the required phase variation (Fig.  9a(II)). This was done to realize the smooth 

Fig. 9  (a) Diagram of a broadband achromatic deflector (I) and its corresponding phase compensation 
profile (II). (III) Optical image (top) and SEM image (bottom) of fabricated meta-lens. (IV) Measured focused 
images at different focal planes. Insets show one-dimensional (1D) counterparts. (V) Simulated and measured 
FL as a function of wavelength for achromatic meta-lens (top) and chromatic meta-lens (bottom). (VI) 
Measured focusing efficiency (data points distributed in three-dimensional space) and FWHM (projection in 
the bottom plane) as a function of wavelength for three achromatic meta-lenses. (b) (I) Circularly polarized 
conversion efficiency (red curves) and phase profile (blue curve) of IRUEs with phase compensation of 1050° 
(top) and 1080° (bottom). Normalized magnetic energy for phase compensation of solid (II) and inverse 
nanostructures (III). (IV) Measured operation efficiency as a function of incident wavelength obtained for 
three achromatic meta-lenses. (a) Reproduced with permission [202]. Copyright 2017, NPG. (b) Reproduced 
with permission [165]. Copyright 2018, Wiley-VCH
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and linear manipulation of the reflection-phase dispersion under circularly polarized 
illumination. By arranging these meta-atoms based on the phase profile calculated using 
Eq. (9) and (10), an achromatic meta-lens with various NA values was experimentally 
demonstrated. Fig.  9a(III) shows the optical image of the fabricated sample (top) and 
SEM image (bottom)), which displayed an unvaried FL (Fig. 9a(IV) and top of Fig. 9a(V)) 
throughout the bandwidth of 420–650 nm compared to the chromatic meta-lens (bot-
tom of Fig. 9a(V)) [202]. The focusing efficiencies of the achromatic meta-lens with an 
NA of 0.124 were 26.31%, 19.71%, and 20.37%, respectively, at wavelengths of 420 nm, 
550 nm, and 650 nm (Fig. 9a(VI)). In addition, a broadband achromatic meta-lens oper-
ating in the visible region in transmission mode was demonstrated by Wang et al., and its 
basic meta-atoms composed of solid (top of Fig. 9b(I)) and inverse (bottom of Fig. 9b(I)) 
nanostructures were designed and fabricated by utilizing low-loss semiconductor GaN 
to access waveguide-like modes (Fig.  9b(II-III)) in the visible spectrum (from 400 nm 
to 660 nm) [165]. Using similar integrated resonances, the required retarding phases 
(Fig. 9b(I)) were obtained to converge the broadband planar light with an identical FL, 
NA of 0.106, and an average efficiency of approximately 40% (Fig. 9b(IV)).

In the following, to further optimize the strategy for guiding the design of achromatic 
meta-lenses operating at continuous wavelengths, Chen et al. expanded Eq. (1) around 
the target angular frequency ω0 using a Taylor series expansion as follows [152]:

The first term (namely the basic phase profile at ω0) on the right side of Eq. (11) 
leads to a spherical wavefront, and the group delay term ∂φ(ρ, ω)/∂ω compensates 
for the different arrival times of wavepackets at the focus. The group delay disper-
sion ∂2φ(ρ, ω)/∂ω2 ensures that the outgoing wavepackets are identical. Eq. (11) can be 
expressed as the principal diagram shown in Fig. 10a(I), and the meta-lens is designed 
to provide spatially dependent group delays such that wavepackets from differ-
ent locations arrive simultaneously at the focus. The yellow line shows the spherical 
wavefront. The net effect is the minimization of the spread in the arrival times of the 
wavepackets at the focus to ensure they constructively interfere. The smaller the time 
spread, the larger the bandwidth achieved. Therefore, to realize diffraction-limited 
focusing for a wide bandwidth, both phase and group delay, as well as higher-order 
terms, need to be appropriately controlled. φ(ρ, ω0) can be commonly tuned using PB 
phase modulation or the propagation phase method, whereas the other two terms 
can be adjusted by optimizing the waveguide modes relative to the effective refractive 
and structural parameters of the meta-atoms. Based on the aforementioned design 
method, they first proposed a broadband achromatic meta-lens for focusing incident 
visible light. The meta-elements consisted of one or more TiO2 nanofins of vary-
ing dimensions, but equal height and period (left side of Fig. 10a(II)), for which the 
required transmittance phase and dispersion could be independently imparted using 
the geometric phase and waveguide mode. Based on the simple single-layer design 
(SEM image on the right side of Fig.  10a(II)), a meta-lens with an NA of 0.2 and 
focusing efficiency of approximately 20% was achieved for wavelengths ranging from 

(11)
ϕ(ρ,ω) = ϕ(ρ,ω0)+

∂ϕ(ρ,ω)

∂ω

∣

∣

ω=ω0 (ω − ω0)+
∂2ϕ(ρ,ω)

∂ω2

∣

∣

ω=ω0 (ω − ω0)
2 + . . .
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470 nm to 670 nm (Fig.  10a(III-IV)). In the same year, Shrestha et  al. introduced a 
transmission-type achromatic dielectric meta-lens that crossed a wide NIR bandwidth 
for any arbitrary polarization states (right side of Fig. 10b(I)) [169]. The proposed a-Si 
patterns had four-fold symmetry instead of rotational symmetry and achieved more 
geometric degrees, leading to large phase differences (Fig. 10b(II)). The aperture pro-
file was then transferred to the a-Si film using inductively coupled plasma (ICP) etch-
ing, and the focusing efficiency of the fabricated meta-lens increased by 50% across a 
continuous and wide bandwidth from 1200 nm to 1650 nm (Fig. 10b(III)). Afterward, 
to address the limitation that corrected chromatic aberration suffers from markedly 
reduced focusing efficiency, Balli et al. presented a hybrid achromatic GaN meta-lens 
that could improve focusing efficiency over a broad wavelength range from 1000 nm 
to 1800 nm [178]. The optimized meta-atoms were designed by combining recursive 
ray tracing and simulated phase libraries, instead of computationally intensive global 
search algorithms to realize a higher conversion efficiency and desired phase disper-
sion. They experimentally verified that the meta-lens with an NA of 0.66 had an aver-
age focusing efficiency greater than 60%.

To simultaneously cover the partially visible light and NIR spectra, Ndao et  al. 
proposed a polarization-independent fishnet-achromatic meta-lens to address the 

Fig. 10  (a) Dispersion engineering of meta-lens: (I) Principal diagram of an achromatic meta-lens; (II) 
Schematic of a meta-lens element and SEM of a region of a fabricated meta-lens; (III) Measured normalized 
FL shifts (symbols) compared to simulations (lines) for meta-lens; (IV) Measured intensity distributions in 
the focal plane. (b) Schematic of a monochromatic meta-lens (left side of (I)) and a broadband achromatic 
meta-lens (right side of (I)). (II) Schematic of meta-unit archetypes. (III) Measured focusing efficiencies of the 
meta-lenses. (c) (I) Top view SEM images of achromatic meta-lens with four types of nanostructures. 2D (top 
panels of (II)) and 1D (bottom panels of (II)) intensity profiles of focal spots in focal planes. (III) Experimentally 
recorded focusing efficiency of the TiO2 meta-lens. (IV) Dependence of the focusing efficiencies on the 
polarization at 800 nm. (a, b) Reproduced with permission [152, 169]. Copyright 2018, NPG. (c) Reproduced 
with permission [203]. Copyright 2021, NPG
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intrinsic dispersion of the existing materials, and its average efficiency exceeded 
70% in the continuous band from 640 nm to 1200 nm. This enables applications that 
require broad bandwidth and high efficiency, including solar energy harvesting [204]. 
The building blocks made of TiO2 were regarded as cross-circle waveguides that 
could flexibly control the slop and the intercept of the phase shift, and were suitable 
for eliminating wideband chromatic aberration. Recently, to maximize the focusing 
efficiency while not affecting the operational bandwidth, Wang et  al. experimentally 
demonstrated a polarization-insensitive, broadband TiO2 achromatic meta-lens (SEM 
images in Fig. 10c(I): top for the top view of the entire structure; bottom for the par-
tially enlarged view) for applications in NIR biological imaging [203]. A large-scale 
fabrication technology was developed to produce TiO2 nanopillars with record-high 
ARs (~ 37.5) featuring pillar heights of 1.5 μm and nearly 90 degrees vertical sidewalls. 
The demonstrated meta-lens exhibited a dramatically increased group delay range, 
and the spectral range of achromatism (Fig. 10c(II)) was substantially extended to the 
wavelength range of 650–1000 nm with an average efficiency of 77.1%–88.5% and a 
numerical aperture of 0.24–0.1 (Fig. 10c(III)). In addition, owing to the symmetrical 
features, the proposed meta-lens can operate at a high level without considering the 
polarization states (Fig. 10c(IV)).

Even though ultra-broadband meta-lenses that operate from the visible region to the NIR 
spectrum have been successfully developed with improved focusing efficiency, there is still 
a lack of experimental research on broadband UV meta-lenses in relation to processing 
capability constraints. To date, only a few theoretical studies have been conducted on broad-
band achromatic UV meta-lenses [188, 190–192]. For example, Kanwal et al. [188, 190] and 
Liu et al. [192] theoretically investigated two types of UV meta-lenses that could react with 
broadband UV light of 270–380 nm and 300–400 nm. These two polarization-independent 
meta-lenses were composed of cylindrical Si3N4 or AlN nanopillars, respectively, with focus-
ing efficiencies of approximately 40% and 50%.

In conclusion, achromatic focusing essentially requires the different wavelengths to 
obtain the same group delay by optimizing the dispersion of the nanostructure. How-
ever, the group delay determining the working bandwidth is limited because it is fun-
damentally governed by the height of the nanostructure divided by its group index. The 
trade-off between the NA, diameter, and group delay of broadband achromatic meta-
lenses [152, 169, 205] proves that further increasing the height of the nanostructures can 
improve the group delay, but result in an increased AR, thereby causing fabrication chal-
lenges (Table 1).

Angular stability
In addition to achieving high-efficiency broadband achromatic meta-lenses, from Fig. 11(a), 
simultaneously considering that the Earth’s rotation and revolution have a significant influ-
ence on the incident angle of sunlight, maintaining the focused light on one spot, along 
one line, or across one plane when the incident angle varies is an important issue. Several 
attempts have been made to address this problem to improve the field of view (FOV) and 
eliminate the off-axis aberrations of meta-lenses [209–214]. Generally, once the aperture 
phase of a metasurface is in accordance with [100]
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where Φ(ρ, θ) =  − φ/k0f and γ = ρ/f are the normalized phase and radius, perfect meta-
lenses can be constructed that show good performance for large incident angles and 
broad bandwidth. Eq. (12) illustrates that each incident angle θ that corresponds to a 
focus in the focal plane should be accompanied by a focal offset of l(θ) from the origin. 
To achieve the desired focusing functionality based on Eq. (12), an abrupt phase retard-
ance φ is required along the surface of the meta-lens to compensate for the phase accu-
mulated via propagation. By applying Eq. (12) and the waveguide modes introduced by 
a-Si microstructures, a single-layered Fourier meta-lens with a large NA and negligible 
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Fig. 11  (a) Schematic of the sun’s annual trajectory over Wuhan. (b) Experimental demonstration of the 
Fourier meta-lens with oblique incidence. (I) Measured and simulated foci offset with different incident 
wavelengths and angles. (II) Intensity distribution of the focal images for different incident angles and 
wavelengths. (c) Schematic (I) and side view (II) of a single-layer planar meta-lens with an ultrawide FOV. 
Inset: meta-atom configuration. Simulated focal spots (III), Strehl ratio, and focusing efficiency (IV) at different 
angles of incidence. (d) Schematic of focusing on- and off-axis light by a metasurface doublet lens (left 
side of (I)) comprised of dielectric meta-atoms (right side of (I)). Simulated (top row of (II)) focal intensity 
profiles, measured (middle and bottom row of (II) for TE and TM mode) and measured focusing efficiency 
(III) of the metasurface doublet lens for different incident angles. (e) A schematic of the meta-lens doublet (I) 
comprising two meta-lenses: aperture meta-lens (depicted in orange of (II)) and focusing meta-lens (depicted 
in light blue of (II)), where each meta-lens consists of an array of rotated nanofins (bottom line of (II)). (III) 
Ray diagram for diffraction-limited focusing along the focal plane. Inset: magnified plots near their focal 
planes. (f ) (I) Schematic of the optical setup for characterization. Normalized point spread function images 
and intensity distributions (second column of (II)) measured in the focal plane for angles of incidence of 0°, 
30°, and 50°. (III) Focusing efficiency and FWHM of the point spread function as a function of the angle of 
incidence. (b) Reproduced with permission [100]. Copyright 2018, Wiley-VCH. (c) Reproduced with permission 
[174]. Copyright 2020, ACS. (d) Reproduced with permission [207]. Copyright 2016, NPG. (e) Reproduced with 
permission [153]. Copyright 2017, ACS. (f ) Reproduced with permission [208]. Copyright 2021, ACS
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angular dispersion at large incident angles was realized by Liu et al., which showed good 
performance for incidence angles in the range of 0–60° covering a broad bandwidth 
from 1100 nm to 1700 nm (Fig. 11b(I)) and a focusing efficiency of more than 30%. How-
ever, the FLs are different owing to frequency dispersion (Fig. 11b(II)) [100]. To further 
extend the FOV, the angle stability is optimized at larger incident angles. Shalaginov 
et al. presented results for a novel Huygens meta-lens (Fig. 11c(I-II)) capable of diffrac-
tion-limited focusing on identical focal planes over an angular FOV of approximately 
180° (Fig. 11c(III)). The corresponding focusing efficiency at the wavelength of 940 nm 
fluctuated from 41% to 88% owing to the variation of the incident angles (Fig. 11c(IV)) 
[174]. In this work, a-Si nanoposts (inset of Fig. 11c(II)) with a uniform height of 750 nm, 
diameter ranging from 100 nm to 250 nm, and a fixed lattice constant of 450 nm, were 
designed and modeled utilizing a hierarchical combination of full-wave and Kirchhof 
diffraction integrals to acquire the appropriate angular dispersion.

Another method that is analogous to the traditional cascaded multiple lenses was 
proposed to treat the monochromatic aberrations generated owing to the influence of 
oblique incident light by utilizing the double-layered meta-lenses, which has the addi-
tional benefits associated with miniaturing the optical elements. For example, Arbabi 
et  al. proposed a doublet a-Si meta-lens by cascading two metasurfaces linked with 
fused-SiO2 substrate to correct the on- (left side of Fig. 11d(I)) and off-axis (middle side 
of Fig. 11d(I)) aberration [207]. The phase profiles were defined as even order profiles 
polynomials of the radial coordinate ρ as follows:

where D is the radius of the meta-lens and ρ is the radial coordinate. The coefficients 
an were optimized to minimize the focal spot size (root mean square spot size) at inci-
dent angles up to 30°. The phase profiles of the two metasurfaces composing the dou-
blet lens were obtained via a ray tracing technique, and the design could focus oblique 
planar incident light (from − 30° to 30°, Fig. 11d(II)) at a wavelength of 850 nm onto the 
same plane to achieve a focusing efficiency of more than 40% for both TE and TM waves 
(Fig.  11d(III)). These two linked metasurfaces were constructed using an array of a-Si 
nanoposts covered with a layer of SU-8 polymer (right side of Fig. 11d(I)) to continu-
ously control the transmission phase-shifting process by utilizing waveguide modes and 
arranging them in a hexagonal lattice. Using this design scheme, Groever et al. demon-
strated a compact meta-lens doublet by patterning two TiO2 metasurfaces on both sides 
of a SiO2 substrate (Fig. 11e(I)) [153]. One of these metasurfaces acted as an aperture 
meta-lens (the phase profile was calculated using Eq. (13), and is depicted in orange in 
Fig. 11e(II)) to correct for spherical aberrations and to realize diffraction-limited focus-
ing along a focal plane. The other was a focusing meta-lens which facilitated the cor-
recting of aberrations (depicted in light blue in Fig. 11e(II)). The phase of the focusing 
meta-lens was chosen as
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This design had a NA of 0.44, an FL of 342.5 μm, and a FOV of 50° that enabled dif-
fraction-limited monochromatic focusing along the identical focal plane, and the focus-
ing efficiency fluctuated from 30% to 50% as the incident angle increased from 0° to 25° 
(Fig. 11e(III)). Since the basic nanofins (Fig. 11e(II)) were modulated using the BP phase 
strategy, this meta-lens could only interact with the circularly polarized incident light.

Recently, quadratic phase profiles have been widely adopted for wide FOV meta-lens 
design due to the higher tolerance of the focusing efficiency at oblique incidences com-
pared to hyperbolic lenses [208, 215–218]. For example, Lassalle et al. demonstrated a 
quadratic meta-lens for fingerprint detection [208]. To design this meta-lens, a-Si nano-
pillars with different diameters were chosen to map the 2π-wrapped phase profile given 
as

where nt is the refractive index of the medium that the light traverses. As the incident 
angle increased from 0° to 80°, the fabricated meta-lens with an NA of 0.71 could focus 
the incoming light at a wavelength of 740 nm along a line parallel to the aperture. By 
exploiting the optical setup shown in Fig. 8f(I), normalized point spread function images 
(first column of Fig. 11f(II)) and intensity distributions (second column of Fig. 11f(II)) 
were measured for 0°, 30°, and 50° angle of incidences, which resulted in focal spots with 
almost identical FLs. However, owing to the intrinsic consequence of the combination of 
spherical aberration and the effective NA of the quadratic lens, this design only exhib-
ited a focusing efficiency of approximately 10% when exposed to orthogonal polarization 
fields (Fig. 11f(III)). Similar phenomena could be observed in related works [215–218].

In this section, the equations (Eq. (11–14)) are carefully examined that link the inher-
ent trade-off between the diameter, the FL, and the phase profile of meta-lenses with 
angular stability. The angular dispersion of a single meta-lens can be designed by glob-
ally optimizing the phase function of the building blocks according to Eq. (12) and (15) 
or using a corrector to from a doublet meta-lens based on Eq. (13, 14). However, given 
that the phase imparted by each nanostructure depends on the angle, the efficiency of a 
meta-lens varies with the angle of incidence. In principle, the larger the incident angle, 
the lower the focusing efficiency (Fig. 11). Therefore, it is still challenging to maintain 
the robust and high efficiency of a meta-lens over a large angular range. To address this 
challenge, more innovative strategies are needed to construct the wide angular disper-
sion of a meta-lens.

Fabrication method
We have established the functional features of a meta-lens that is used for solar energy 
harvesting, as well as the corresponding design methods to achieve the required per-
formance. In the following, the large-area manufacturing technologies of the meta-lens 
will be carefully introduced to realize a closed-loop from theoretical design to practical 
application.

The large-area fabrication process is the last and deciding step as the flat meta-lens 
transition from lab to fab. Unlike the miniaturized imaging devices that are used for 
holographic imaging, augmented reality, VR, detectors, sensors, cameras, etc., solar 
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collectors have large profiles and sizes to gather more light energy. However, although 
the traditional semiconductor fabrication methods such as EBL and focused ion 
beam (FIB) milling exhibit very high machining precision, their time consumption, 
and extremely high cost are untenable for the preparation of large-scale nanodevices 
for marco applications. In addition, considering their relatively low final pass yield in 
large-area processing, the stepper processing technology is now mainstream for realiz-
ing large-area functional devices based on the superposition of small pieces [181, 206, 
219–221]. For example, a 2 cm diameter a-Si (deposited by plasma-enhanced chemi-
cal vapor deposition) meta-lens operating at 1550 was patterned using a stepper (GCA 
AS200 i-line 365 nm stepper, as shown in Fig. 12a(I), and the corresponding 600 nm tall 
nanopillars (Fig.  12a(II)) were etched using RIE [206]. The focusing efficiency of the 
obtained meta-lens can reach 91.8 ± 4.1% at the predesigned frequency (Fig.  12a(III)). 
Due to the utilization of the photolithographic stepper, repeated exposure combined 
with a precise displacement system can be implemented to pattern a large number of 
identical meta-lenses with a fixed edge-to-edge gap on a 4-in. glass substrate as shown 
in Fig. 12a(I). Using the same processing strategy, Park et al. prepared a centimeter-scale, 
all-glass meta-lens that was capable of focusing and imaging at visible wavelengths, 
using an elaborate selective etching process to improve the thickness and AR of the pat-
tern layer [219]. During the fabrication procedure, as illustrated in Fig. 12b(I), the depos-
ited chrome (Cr) film was dry-etched (ICP-RIE) on a 100 mm diameter SiO2 wafer using 
a DUV lithography patterned resist as the etching mask and utilizing chlorine (Cl2). SiO2 
was thermodynamically protected against chemical etching using Cl2 plasma. Therefore, 
Cl2 provided high etch selectivity for Cr over SiO2. The SiO2 wafer was then dry-etched 
(ICP-RIE) until the etch depth reached 2 μm using Cr as the hard etch mask with trifluo-
romethane/argon (CHF3/Ar) gas. CHF3 had a slow Cr chemical etch speed compared to 
that of SiO2, so Cr was suitable as an etch mask. Finally, the remaining Cr was removed 
using ICP-RIE with the Cl2 plasma leaving only SiO2 nanostructures. Fig.  12b(II) and 
12b(III) show the tilted and top view SEM images of the patterned nanopillars of the 
obtained meta-lens. In combination with a DUV projection stepper lithography and a 
source wavelength of 248 nm, 45 1 cm diameter meta-lenses were obtained with a focus-
ing efficiency of 45.6% at 633 nm on a 4-in. fused-SiO2 wafer (Fig. 12b(IV)), showing the 
size-scalability and potential for mass-production.

More inspiring, 12-in. flat optics platforms (the maximum size recorded) for polariza-
tion conversion, beam bending, color display, and focusing have been achieved by using 
an immersion scanner which has the same function as the stepper, but has better resolu-
tion owing to the liquid medium padding (between the lens and wafer) with a refractive 
index greater than one [222–225]. Using this approach, Hu et al. investigated a group of 
a-Si meta-lenses operating at 940 nm and fabricated on a 12-in. glass wafer for finger-
print imaging (Fig.  13(I)) [225]. The 193 nm ArF DUV immersion lithography process 
was used to pattern their design with critical dimensions as small as 100 nm. Panels (II) 
and (III) of Fig. 13 show the top view SEM images of the central and near-central zones 
of the meta-lens, respectively. Fig. 13(IV) shows a zoomed-in angled view SEM image of 
the pillars close to the edge of the meta-lens. The diameters of these nanopillars changed 
from large to small values to cover the phase shift from 0 to 2π. The measured results 
(Fig.  13(V-VII)) show the fabricated meta-lens had a measured focusing efficiency of 
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29.2%, an FL of 1.73 mm, and a FWHM of 1.26, overlaying an ideal Airy function with 
an aperture of 2 mm and a focal length of 1.75 mm. The immersion lithography accom-
panied by the dedicated etching process developed in this work can be used to fabricate 
meta-lenses that operate at even shorter wavelengths, i.e., the visible regime, thereby 
providing a promising solution for the mass manufacturing of metasurface-based solar 
energy concentrators. However, once the aforementioned methods are employed, the 
EBL or FIB with low processing efficiency is first needed to fabricate the mask, the size 

Fig. 12  (a) (I) Schematic showing the production of meta-lenses at low cost and high yield using existing 
photolithographic stepper technology. The pattern of the meta-lens contained in the reticle was then 
projected using the stepper, and rapidly replicated over the face of the wafer by repeatedly exposing 
and incrementally stepping the wafer position. An SEM of the meta-lens center (center right) shows the 
microscopic posts. (II) The fabricated meta-lens for imaging. (III) Image of focal spot with 7 mm Gaussian 
illumination at 1550 nm. (b) (I) Fabrication process of the designed meta-lens using the selective etching 
process. (II) Zoom-in SEM image (tiled) of nanopillars of the meta-lens with a sidewall angle of 2.85°. (III) Top 
view SEM image near the center, and the inset shows the image of the edge of the lens. (IV) Image of 45 
fabricated 1 cm meta-lenses on a 4-in.-diameter SiO2 wafer, focusing incident light on a white sheet of paper. 
(a) Reproduced with permission [206]. Copyright 2018, OSA. (b) Reproduced with permission [219]. Copyright 
2019, ACS
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of which determines the final area of the obtained meta-lens for the following lithog-
raphy. The one-time exposure area of the steppers or scanners is limited and confines 
the size of the fabricated meta-lens. Therefore, the maximum diameter of a complete 
meta-lens can only reach the order of centimeters, far from that of a sunlight collec-
tor. In addition, current manufacturing processing is not ideally suited for whole-plane 
nanofabrication (with a tiny gap between the pattern arrays) on a large-area wafer, and 
only discrete meta-lenses with identical functionality can be fabricated as shown in 
Fig. 12a(I), 12b(IV) and 13(I). It is also challenging to manufacture meta-lenses in the 
visible range (particularly at shorter wavelengths) with high efficiency due to the resolu-
tion limitations.

Conclusions and outlook
In summary, we have reviewed the research motivation, design principles, building 
materials, and large-area manufacturing strategy of meta-lenses for solar energy harvest-
ing in terms of focusing efficiency, operation bandwidth, and angular stability. Evidently, 
the innovations in fundamental design strategies, advanced materials and manufacturing 
techniques of meta-lenses have paved a promising path in the field of solar-thermal col-
lection and other photonic applications. Some of metasurface theory and related tech-
nologies are not examined here due to their low relevance to the energy field, though 
they have resulted in numerous novel features that have already been attached to the 
original platform, such as reconfigurability [226–233], artificial intelligence [234, 235], 
nonlinearity [139, 236–241], etc.

Encouragingly, various approaches for enhancing focusing efficiency, broadening the 
operating bandwidth, and improving the incident angular stability have been proposed to 
promote the efficient use of solar energy, resulting in encouraging signs. However, unlike 
traditional refractive lenses, it is difficult for meta-lenses to capture all the transmitted or 
reflected light. Instead, there is usually uncoupled incident light that scatters anomalously 
without desired phase delays, resulting in background noise and secondary foci. These 

Fig. 13  Characterization of the meta-lens fabricated on a 12-in. glass wafer: (I) Color images of the fabricated 
12-in. glass wafer and the central die in the wafer, with highlighted areas indicating the meta-lens. SEM 
images were obtained at the central (II), near-central (III), and outer zones (IV) of the meta-lens. Measured 
optical intensity of the meta-lens at the optical propagation plane (V) and the focal plane (VI). (VII) Horizontal 
cut of the focal spot is shown in (VI). Reproduced with permission [225]. Copyright 2020, published by De 
Gruyter
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phenomena directly lead to the degradation of the focusing efficiency. In addition to the 
focusing performance, meta-lenses so far developed show inferior environmental adapt-
ability and mechanical stability to the traditional mirrors. This is because they consist of 
numerous building blocks mainly at the nanoscale (1 nm–100 nm) or the order of the sub-
micron (100 nm–1 μm). These nano-structures are easy to be irreversibly damaged when 
the large-sized concentrator is applied with external force. Their basic materials may suffer 
from remarkably decreased chemical stability as a result of the large specific surface area, 
directly affecting its service life. Furthermore, meta-lenses are vulnerable to be polluted by 
the ambient dust et al., owing to their ultra-small-sized components, but actually the main-
tenance of the meta-lens is much more difficult than that of the standard mirror. Of course, 
if the meta-lens can be protected with an environmental isolation layer or embedded in a 
substrate with a low refractive index and loss, the frangibility mentioned above will be sig-
nificantly improved. In principle, the planar meta-lens used for solar energy concentration 
is hardly superior to their classical counterparts without phase dispersion, but there is still 
room for improvement in terms of meta-lens-based solar-thermal application as follows:

	 I	 Regarding the solar energy collectors as shown in Fig. 1(b), the absorbers (located 
at the light focal places) aiming to convert solar energy to thermal flux for further 
manipulation, have an enormously larger size compared to that of the sunlight 
wavelengths, i.e., strict achromatism is not necessary, and the system needs to con-
fine the solar light with an effective heating effect into a relatively large zone (equal 
to the maximum cross-section of the absorbers) not a spot desiring for high resolu-
tion. In the concerned region, the distribution form of the dispersive light (even a 
rainbow-like distribution) makes little difference to the performance of the solar-
thermal system. Therefore, the design principle of the metasurface-based concen-
trators can be relaxed according to the actual size of the absorbers, thereby facilitat-
ing the utilization of the ultra-broadband sunlight. Additionally, the range of group 
delay can be increased by cascading nanostructured multilayers for achromatic and 
wide FOV meta-lens design, but great processing difficulty will be encountered.

	 II	 The considerable receiving area (Fig. 14(a-c)) of the absorber also relieves the urgent 
demand for angular stability of the meta-lens, providing more room for optimiz-
ing the large incident angle sunlight convergence performance according to the 
boundary conditions in Eq. (12–15) for a wide FOV meta-lens design. In addition, 
considering that low and middle latitude regions are more suitable for solar energy 
harvesting than the high region, the incident angle variation of sunlight introduced 
by the Earth’s rotation is more critical than that induced by revolution around the 
sun. Therefore, the meta-lens with axisymmetric property shown in Fig. 14(a-c) is 
an appropriate choice for producing linear foci and maintaining the shift along the 
heat-collecting pipe from sunrise to sunset. Besides the relaxed design principle, the 
symmetrical structure shows another remarkable advantage in large-scale fabrica-
tion via an optimized processing strategy (details in the following section).

	III	 Currently, exploitation of solar energy is based on the accumulative effect, lead-
ing to the large-size requirement of the meta-lens. The fabrication methods sum-
marized in Section 6 can only transfer the same small-sized meta-lens to different 
locations of a large-area wafer, but cannot complete the entire plane preparation. 
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Hence, it is necessary to develop large-area fabrication and mass-production meth-
ods to replace their traditional counterparts. Therefore, several alternative tech-
niques [179, 242–244], such as two/multi-photon lithography and nanoimprint-
ing lithography (NIL) [245–247] have been proposed to address these problems, 
of which high-precise nanoimprinting can easily transfer predesigned large-scale 
patterns to the resist layer, as in lithography, with enormous potential for low-cost, 
large-sized solar concentrator fabrication.

With regards to the line-focusing meta-lens illustrated in Fig.  14(a-c), two features 
are convenient in terms of the NIL process: I. The required phase gradient for focus-
ing is only orthogonal to the absorption tube (along x-direction in Fig. 14(a)), and the 
corresponding nanostructures are symmetric with respect to the y-axis (Fig. 14(a)); II. 
Nanostructures along the y-direction are identical. Depending on these characteristics, a 
promising method is proposed in Fig. 14(d) for scale-up fabrication of the metasurface-
based concentrators: First, based on the selected nanostructure array (red dashed box in 
Fig. 14(a)), a master mold is fabricated via EBL. Then, this mold is transferred as a soft 
mold (namely, a working mold) for the succeeding processes (left side of Fig. 14(d)). The 
working mold, which supports reuse, can help to avoid damage to the high-cost mas-
ter mold. In the following, considering feature II of the meta-lens, the original master 
mold can be expanded along the y-direction (red arrow in Fig. 14(a)) using flash stepping 
nanoimprinting technology [248–250] (middle of Fig. 14(d)). Subsequently, the magni-
fied pattern can be successfully transferred to the resin (right side of Fig. 14(d)) by utiliz-
ing the improved large-scale nanoimprinting (top-right of Fig. 14(d)). Different from the 
traditional NIL, the modified approach causes a negative pressure between the working 
mold and the resin by pumping out the extra gas, which can assist in quickly and actively 
drawing the resin into the structural gaps, enhancing the capillary effect, and making the 
nanostructure filling more completely. Finally, the meta-lens fabrication process will be 

Fig. 14  a-c Linear-focusing meta-lens and its focal performance vary from sunset to sunrise. d Fabrication 
process for the large-scale meta-lens using NIL technology
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completed by repeating the aforementioned procedures. In addition, due to feature I of 
the meta-lens, the expected workload can be further reduced in half. There are still some 
problems associated with this fabrication method such as the stitching error gener-
ated during flash stepping nanoimprinting, large-scale etching technologies, etc., which 
urgently need to be addressed. Hopefully, more researchers will be inspired by the desire 
to explore these techniques, and exploit new possibilities in the future.

In general, there is still a long way before solar harvest systems that utilize novel 
meta-lenses are finally developed. However, it is likely that with continuous advances 
in meta-technology and processing capability, macro applications will become a real-
ity in the near future, resulting in a new energy revolution.
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