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Advance of large-area achromatic flat lenses
Yubin Fan 1,2,3, Jin Yao 1,2,3 and Din Ping Tsai 1,2,3✉

Abstract
A new framework of light coherence optimization is proposed to design non-ideal broadband achromatic lenses,
enabling large-scale flat lenses’ implementation and high performance. The strategy paves the way for practical planar
optical devices and full-color imaging systems.

Metasurface shows its preeminent capabilities in
wavefront manipulations and light-matter interactions.
Various attempts have been carried out to realize appli-
cations based on metasurface. Above all these attempts
from scientists and engineers, meta-lens is the most
successful one. Meta-lens is a kind of flat lens made of
subwavelength nanostructures. Starting from Fan et al. in
2009, metal nanostrips were involved in realizing one-
dimensional focusing meta-lens1, offering guidelines for
the lens design and showing how actual lens behavior
deviates from simple theory. With the help of the geo-
metric phase2, metal-antenna-supported plasmonic meta-
lens can focus double charity polarities on both sides3,
observing magnified and demagnified imaging at visible
and near-infrared wavelengths. Since intrinsic losses of
metals limit the development of plasmonic meta-lenses,
all-dielectric materials with low extinction coefficients
entered the researchers’ field of vision. Titanium dioxide
(TiO2) meta-lens realized focusing and imaging at a single
visible wavelength with an efficiency of over 50%4 in 2016.
Multispectral chiral imaging meta-lens5 and immersion
meta-lens6 based on TiO2 showed progress in the
monochromatic meta-lens application. From classical to
nonclassical scenarios, meta-lenses have also been applied
in enhanced nonlinear generation7 and high dimensional
quantum light source8. However, applications of meta-

lens do not stop in a single wavelength. The development
of an achromatic flat lens is highly demanding.
The attempt at achromatism was shown in a one-

dimensional lens at a discrete wavelength. Results of three
dispersed telecommunication wavelengths (1300, 1550,
and 1800 nm) were focused at the same distance by
coupled rectangular dielectric resonators9,10 in 2015. The
coupling between meta-atoms provides a dense spectrum
of optical modes to compensate for the dispersive phase
difference. A two-dimensional lens is more feasible and
widely used than a one-dimensional lens. By carefully
designing the meta-molecule, two kinds of nanoantennas
were integrated in one layer for two working wavelengths
of 1550 and 915 nm with a numerical aperture (NA) of
0.4611, and the measured focusing efficiencies are 65 and
22%, respectively. Multilayer meta-lenses have a similar
ability to focus red, green, and blue colors at the same
position12. Each layer consists of meta-atoms made of
dedicated plasmonic material and was designed to operate
in a specific spectral band. The discrete achromatic cor-
rection is still far away from full color and wide-band
imaging. Continuous achromatic meta-lens for full-color
imaging is an important issue and highly demanded.
The bandwidth of achromatic meta-lenses experienced

the development from narrow to wide. To begin with, by
utilizing the optimization algorithm to select meta-atoms
with the same phases while different dispersions, con-
tinuous achromatic meta-lens were demonstrated to have a
60 nm narrowband from 490 to 550 nm with an efficiency
of 15%13. S. Wang et al.14 proposed the differential phase
(DP) equation and combined both Pancharatnam-Berry
(P-B) phase and resonance phase in the integrated-resonant
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units (IRUs). The phase compensation can be adjusted by
controlling the coupling between plasmonic nanorods to
achieve an achromatic meta-lens with bandwidth extended
from 1200 to 1680 nm in reflective type with an efficiency of
around 12%14. To meet the requirements of true color
imaging, the development of achromatic meta-lens then
entered a new era of continuous bandwidth achromatic
meta-lens in the visible range. Aluminum-IRU was
employed to construct broadband reflective meta-lens in
the wavelength range of 420 to 650 nm15. The maximal
focusing efficiency is around 26.31% with a NA= 0.124.
With an average efficiency of 40% and a high transmission
advantage, gallium nitride (GaN) achromatic meta-lens with
nanopillars or nanoholes waveguide-resonances was devel-
oped for the visible working wavelength from 400 to
660 nm16 in 2018. Full-color imaging in transmission mode
was successfully achieved in the continuous visible spec-
trum. A similar strategy of achromatism by controlling
group delay dispersion was exploited to realize a TiO2

achromatic meta-lens from 470 to 670 nm with an effi-
ciency of around 20% at 500 nm17. Achromatic meta-lens
were then extended from circular polarization excitation to
polarization insensitive. By creating libraries of meta-atoms
with diverse phase dispersions, polarization-independent
achromatic meta-lens were demonstrated to have a focus-
ing efficiency up to 50% from 1200 to 1650 nm18. Y. Wang
et al. further enhanced the average efficiency to 88.5% from
650 to 1000 nm and applied the TiO2 meta-lens in
upconversion biological imaging with a high-resolution
limit19. To facilitate the full-color light-field imaging
applications, the meta-lens array contains an array of
60 × 60 GaN meta-lenses with a diameter of 21.65 μm was
reported to reconstruct the depths of objects with a
diffraction-limited resolution of 1.95 μm under white light
illumination20. Based on the differentiated and rendering
algorithm, the meta-lens array can be applied in one-
dimensional to three-dimensional edge detection as well21.
A multifunctional meta-lens array was further demon-
strated for all light-level depth sensing. With the support of
neural networks and deep learning, accurate depth mapping
within the 21.0–50.5 cm working range can be achieved22.
This meta-device can also work with a light source as an
active optical device to project a structured light. Although
various continuous broadband achromatic meta-lens and
their versatile applications have been reported in the visible,
the above works are based on the ideal lens design method.
Significant phase compensation requirements may limit the
size of meta-lens in experiments.
In 2022, Tao Li from Nanjing University and Guixin Li

from Southern University of Science and Technology
worked together to propose and experimentally realize
non-ideal achromatic flat lenses for a large-scale diameter
of up to 10mm23. They solved the issues in two steps.
First, they determined the fundamental limits on overall

performance based on size, NA, and focal efficiency.
Second, they propose an optimization framework for
designing a feasible large-scale achromatic multi-level
diffractive lens with optimal performance. Those large-
scale achromatic flat lenses work in a super broad band-
width from 400 to 1100 nm (Fig. 1).
To design such large-scale achromatic flat lenses, they

paid attention to the coherence in the frequency domain
and involved mutual coherence function averaging in the
frequency range of interest. The limits of NA, the dia-
meter, and the height of the lens were derived and com-
puted. Based on the equations, one can find the maximum
diameter from a given maximum n(ω) over the whole
spectrum, the required least thickness, and the highest
NA. They also proposed a numerical approximation
optimization framework for the engineering of mapping
the corresponding phase with performance near the limit.
They used a positive polymer photoresist (AZ4562)

layer and grayscale laser lithography technique for the
fabrication. Unlike most of the previous works using all-
dielectric high refractive index materials, their fabrication
and material process allow fast and large-scale processing
and inexpensive mass production. However, the grayscale
laser lithography technique requires an aspect ratio under
2:1. Their proposed optimization framework has solved
this issue by adding a smooth aspect ratio step. They
calculated and showed the quasi-optimal height dis-
tribution of five samples for cases of S1–S5, respectively.
The aspect ratio values of all the rings are less than 2:1,
with their average efficiency around 68%, 42%, 31%, 18%,
and 5%, respectively. Results are in good agreement with
their calculation and simulation.
The realization of large-area flat lens applications23

successfully displays excellent potential and perspective of
the achromatic flat lens. True color and continuous wide-
band are primary for optical imaging. We trust that such
flat meta-lenses can dramatically reduce the weight and
the space of conventional bulky optical components.
Achromatic flat lenses are thinner, compact, and able to
manipulate the wavefront of light efficiently. Polymer
materials in this work are less expensive in the fabrication

Achromatic flat lens

�(�,�) = - ⎯ ( �2 + F 2 – F ) + Δ�(�,�)c
�

Fig. 1 Operation principle of achromatic flat lenses. Schematic of
large-area achromatic flat lenses
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Metasurface shows its preeminent capabilities in
wavefront manipulations and light-matter interactions.
Various attempts have been carried out to realize appli-
cations based on metasurface. Above all these attempts
from scientists and engineers, meta-lens is the most
successful one. Meta-lens is a kind of flat lens made of
subwavelength nanostructures. Starting from Fan et al. in
2009, metal nanostrips were involved in realizing one-
dimensional focusing meta-lens1, offering guidelines for
the lens design and showing how actual lens behavior
deviates from simple theory. With the help of the geo-
metric phase2, metal-antenna-supported plasmonic meta-
lens can focus double charity polarities on both sides3,
observing magnified and demagnified imaging at visible
and near-infrared wavelengths. Since intrinsic losses of
metals limit the development of plasmonic meta-lenses,
all-dielectric materials with low extinction coefficients
entered the researchers’ field of vision. Titanium dioxide
(TiO2) meta-lens realized focusing and imaging at a single
visible wavelength with an efficiency of over 50%4 in 2016.
Multispectral chiral imaging meta-lens5 and immersion
meta-lens6 based on TiO2 showed progress in the
monochromatic meta-lens application. From classical to
nonclassical scenarios, meta-lenses have also been applied
in enhanced nonlinear generation7 and high dimensional
quantum light source8. However, applications of meta-

lens do not stop in a single wavelength. The development
of an achromatic flat lens is highly demanding.
The attempt at achromatism was shown in a one-

dimensional lens at a discrete wavelength. Results of three
dispersed telecommunication wavelengths (1300, 1550,
and 1800 nm) were focused at the same distance by
coupled rectangular dielectric resonators9,10 in 2015. The
coupling between meta-atoms provides a dense spectrum
of optical modes to compensate for the dispersive phase
difference. A two-dimensional lens is more feasible and
widely used than a one-dimensional lens. By carefully
designing the meta-molecule, two kinds of nanoantennas
were integrated in one layer for two working wavelengths
of 1550 and 915 nm with a numerical aperture (NA) of
0.4611, and the measured focusing efficiencies are 65 and
22%, respectively. Multilayer meta-lenses have a similar
ability to focus red, green, and blue colors at the same
position12. Each layer consists of meta-atoms made of
dedicated plasmonic material and was designed to operate
in a specific spectral band. The discrete achromatic cor-
rection is still far away from full color and wide-band
imaging. Continuous achromatic meta-lens for full-color
imaging is an important issue and highly demanded.
The bandwidth of achromatic meta-lenses experienced

the development from narrow to wide. To begin with, by
utilizing the optimization algorithm to select meta-atoms
with the same phases while different dispersions, con-
tinuous achromatic meta-lens were demonstrated to have a
60 nm narrowband from 490 to 550 nm with an efficiency
of 15%13. S. Wang et al.14 proposed the differential phase
(DP) equation and combined both Pancharatnam-Berry
(P-B) phase and resonance phase in the integrated-resonant
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units (IRUs). The phase compensation can be adjusted by
controlling the coupling between plasmonic nanorods to
achieve an achromatic meta-lens with bandwidth extended
from 1200 to 1680 nm in reflective type with an efficiency of
around 12%14. To meet the requirements of true color
imaging, the development of achromatic meta-lens then
entered a new era of continuous bandwidth achromatic
meta-lens in the visible range. Aluminum-IRU was
employed to construct broadband reflective meta-lens in
the wavelength range of 420 to 650 nm15. The maximal
focusing efficiency is around 26.31% with a NA= 0.124.
With an average efficiency of 40% and a high transmission
advantage, gallium nitride (GaN) achromatic meta-lens with
nanopillars or nanoholes waveguide-resonances was devel-
oped for the visible working wavelength from 400 to
660 nm16 in 2018. Full-color imaging in transmission mode
was successfully achieved in the continuous visible spec-
trum. A similar strategy of achromatism by controlling
group delay dispersion was exploited to realize a TiO2

achromatic meta-lens from 470 to 670 nm with an effi-
ciency of around 20% at 500 nm17. Achromatic meta-lens
were then extended from circular polarization excitation to
polarization insensitive. By creating libraries of meta-atoms
with diverse phase dispersions, polarization-independent
achromatic meta-lens were demonstrated to have a focus-
ing efficiency up to 50% from 1200 to 1650 nm18. Y. Wang
et al. further enhanced the average efficiency to 88.5% from
650 to 1000 nm and applied the TiO2 meta-lens in
upconversion biological imaging with a high-resolution
limit19. To facilitate the full-color light-field imaging
applications, the meta-lens array contains an array of
60 × 60 GaN meta-lenses with a diameter of 21.65 μm was
reported to reconstruct the depths of objects with a
diffraction-limited resolution of 1.95 μm under white light
illumination20. Based on the differentiated and rendering
algorithm, the meta-lens array can be applied in one-
dimensional to three-dimensional edge detection as well21.
A multifunctional meta-lens array was further demon-
strated for all light-level depth sensing. With the support of
neural networks and deep learning, accurate depth mapping
within the 21.0–50.5 cm working range can be achieved22.
This meta-device can also work with a light source as an
active optical device to project a structured light. Although
various continuous broadband achromatic meta-lens and
their versatile applications have been reported in the visible,
the above works are based on the ideal lens design method.
Significant phase compensation requirements may limit the
size of meta-lens in experiments.
In 2022, Tao Li from Nanjing University and Guixin Li

from Southern University of Science and Technology
worked together to propose and experimentally realize
non-ideal achromatic flat lenses for a large-scale diameter
of up to 10mm23. They solved the issues in two steps.
First, they determined the fundamental limits on overall

performance based on size, NA, and focal efficiency.
Second, they propose an optimization framework for
designing a feasible large-scale achromatic multi-level
diffractive lens with optimal performance. Those large-
scale achromatic flat lenses work in a super broad band-
width from 400 to 1100 nm (Fig. 1).
To design such large-scale achromatic flat lenses, they

paid attention to the coherence in the frequency domain
and involved mutual coherence function averaging in the
frequency range of interest. The limits of NA, the dia-
meter, and the height of the lens were derived and com-
puted. Based on the equations, one can find the maximum
diameter from a given maximum n(ω) over the whole
spectrum, the required least thickness, and the highest
NA. They also proposed a numerical approximation
optimization framework for the engineering of mapping
the corresponding phase with performance near the limit.
They used a positive polymer photoresist (AZ4562)

layer and grayscale laser lithography technique for the
fabrication. Unlike most of the previous works using all-
dielectric high refractive index materials, their fabrication
and material process allow fast and large-scale processing
and inexpensive mass production. However, the grayscale
laser lithography technique requires an aspect ratio under
2:1. Their proposed optimization framework has solved
this issue by adding a smooth aspect ratio step. They
calculated and showed the quasi-optimal height dis-
tribution of five samples for cases of S1–S5, respectively.
The aspect ratio values of all the rings are less than 2:1,
with their average efficiency around 68%, 42%, 31%, 18%,
and 5%, respectively. Results are in good agreement with
their calculation and simulation.
The realization of large-area flat lens applications23

successfully displays excellent potential and perspective of
the achromatic flat lens. True color and continuous wide-
band are primary for optical imaging. We trust that such
flat meta-lenses can dramatically reduce the weight and
the space of conventional bulky optical components.
Achromatic flat lenses are thinner, compact, and able to
manipulate the wavefront of light efficiently. Polymer
materials in this work are less expensive in the fabrication

Achromatic flat lens
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Fig. 1 Operation principle of achromatic flat lenses. Schematic of
large-area achromatic flat lenses
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process. After precise control of nanoimprinting tech-
nology, polymer materials will be more accessible to
produce large-scale flat optical elements. Realizing large-
scale flat lenses needs both fabrication and designing
toolbox. Solving analytical formulas and numerical
approximation optimization can achieve the design phase
of achromatic flat lenses. The analytical solution gives
more intuitive results and strictly required conditions,
while the numerical optimization can provide optimal
solutions under complex conditions but with less preci-
sion. These designing methods can improve imaging
quality in many aspects besides flat lens designing, such as
complementary metal–oxide–semiconductor (CMOS)
pixel mapping and unitary design. Subsequent develop-
ments and applications are expected in various environ-
ments apart from on the ground, such as in the sky24 and
under the water25. Artificial intelligence information can
be integrated into the design and meta-optics applica-
tions26 as well. The perspective is not limited by intelli-
gent designs and novel meta-devices but physics.
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Novel developments in computational
spectropolarimeter
En-Lin Hsiang1 and Shin-Tson Wu 1✉

Abstract
Compared to conventional bulky spectropolarimeters, computational spectropolarimeters which reconstruct light-field
information such as polarization and spectrum in a compact form factor, are critical equipment enabling new
applications. The key component of a computational spectropolarimeter is a tunable light-field modulator, in which
liquid crystal-based device is a promising candidate. By varying the applied voltage, the tunable liquid crystal
metasurface can modulate the phase and spectral information of the incident light, and after a few trials, this
important information can be decoded mathematically. Such a novel approach paves the foundation for developing
compact and low-cost spectropolarimetric imaging devices with widespread applications in biomedical imaging,
remote sensing, and optical communications.

In contrast to photodetectors which can only measure
light intensity, spectropolarimeter is able to measure light-
field properties such as spectrum and polarization. As a
result, spectropolarimetry is a fundamental device enabling
new applications. For example, by revealing the polarization
and spectrum of light passing through a target material, one
can characterize the material’s composition, refractive index,
and birefringence. In addition, polarimetry is also widely
used in astronomy, remote sensing, radar and so on1,2.
Overall speaking, spectropolarimeters are useful instruments
in physics, astronomy, chemistry, and biology. Traditional
spectropolarimetry spatially separates a light beam with
different polarization by a polarizing beam splitter and dif-
ferent wavelength by a grating3. Afterward, a spatially 2D
photodetector is used to measure the light intensity. The
intensity on each position of the photodetector corresponds
to a different polarization state or wavelength. Therefore, the
polarization state and spectrum of light can be restructured
by summarizing the spatial intensity distribution from the
2D photodetector. Because a 2D detector array is required
for measuring the polarization and spectrum at a single
spatial location, its use for spectropolarimetric imaging is

deterred. Meanwhile, the polarization and spectrum of a
light beam can also be obtained by the sequential method, in
which the polarization and wavelength filters are sequen-
tially applied to measure the light intensity with different
polarization and wavelength components4. Although the
above-mentioned spectropolarimeters have been widely
used, the sophisticated optical system and bulky form factor
limit their application to some miniaturized platforms.
Recently, a computational spectropolarimeter has been

proposed, whose working principle is illustrated in Fig. 1a5.
During this design process, the incident light with
unknown optical field properties is modulated (encoded)
by a tunable metasurface and then received by a photo-
diode. In each trial, the tunable metasurface provides a
different phase and different spectral reflectance to encode
the incident light. Then, with multiple trials, the polar-
ization and spectrum of the incident light can be decoded
by computational reconstruction. In 2018, Jung et al.6

developed a mid-infrared polarimetry device using a
graphene-integrated anisotropic metasurface. Although
the accuracy of polarization measurements is degraded by
the depolarization effects of sample defects, a measure-
ment rate up to tens of MHz can be achieved, which is
about 100× faster than that of conventional mechanical
rotation of polarizer/retarder modulators.
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