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Abstract: Metalens are planar lenses composed of the subwavelength arrays, which have 
unconventional and versatile functionalities to manipulate the light fields compared with the 
traditional lens. It is noted that the most metalens are designed in a monochromatic mode in the 
visible or mid-infrared range (mid-IR), however, the broadband range is needed in many practical 
applications, such as spectroscopy, sensing, and imaging. Here, we design and demonstrate a 
broadband achromatic dielectric metalens in the mid-IR range of 4 μm – 5 μm for near 
diffraction-limited (1.0λ) focusing. The broadband achromatic propagation and focusing of the 
metalens are designed and simulated by constructing and optimizing the phase profile. The 
Pancharatnam-Berry (P-B) phases of all the elements contribute to the main phase increment of the 
whole phase profile of the metalens. The additional phase is constructed and optimized by using the 
random search algorithm to obtain the optimized size of all the elements. The focusing efficiency of 
the achromatic metalens is also optimized and averaged as the result of phase optimization within a 
wide band for the building elements, while it is lowered comparing with the regular metalens without 
broadband achromatic designing. Using this combined designing approach, various flat achromatic 
devices with the broadband metalens can find a new way for full-color detection and imaging. 
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1. Introduction 

The mid-infrared range (mid-IR) band of 

electromagnetic radiation is a particularly useful part 

of the spectrum [1–4]. It could enable a wide variety 

of applications, including thermal imaging, 

free-space communication, military navigation, and 

biomedical sensing [5–10]. However, the 

conventional optical components for the infrared 

band with the thick curved-glass lenses are hard to 

make, and the devices in this band are highly 

specialized and expensive. The metalens with planar 

metasurfaces provide a new perspective on flexibly 

shaping the light field by manipulating its phase and 

amplitude as well as polarization at will via a 

compact and easy-of-nanofabrication system 

[11–18]. At present, most of these metlenses are 

designed based on Pancharatnam-Berry (P-B) 

geometrical phases to adjust the phase profile and 

focus light beam at the particular wavelength 
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especially in the visible range. Besides that, there 

are some proposed metalenses with multispectral, 

dual-functional, and off-axis focusing that still 

exhibit large chromatic aberration, which is mainly 

resulted from the resonant phase dispersion of the 

building blocks and the intrinsic dispersion in the 

used materials [19–22]. Such chromatic aberration 

significantly degrades the performance of full-color 

optical applications, such as in communication, 

detection, navigation, and imaging. So, researchers 

use the structural dimensions for wavelengths 

selection [23–25] or add some phase compensation 

structures to achieve amplification or attenuation for 

some wavelengths, respectively [26–29]. In recent 

years, broadband achromatic metalenses have been 

intensively studied due to their great practical 

applications in industry products [30–32]. Up to now, 

there are about two categories of approaches to 

realize achromatic metalenses. One approach that is 

capable of eliminating the chromatic aberration at 

several discrete wavelengths of 1 300 nm, 1 550 nm, and 

1 800 nm [19], is based on the low-loss dielectric 

resonators to introduce a dense spectrum of optical 

modes to enable dispersive phase compensation. The 

other approach to accomplish a broadband 

achromatic is to employ the integrated-resonant unit 

element in metasurfaces with smooth and linear 

phase dispersion combining with the geometric 

phase [26]. In addition, there is another approach to 

accomplish a high-efficiency broadband achromatic 

metalens for the near-IR biological imaging window 

[33]. The demonstrated metalens is composed of 

titanium dioxide nanopillars with record-high aspect 

ratios featuring pillar heights of 1.5 μm, which 

exhibits dramatically increased group delay range 

and broadband achromatism from 650 nm to       

1 000 nm. In general, the phase profile of the 

wavefront determines the optical propagation in 

space. Therefore, to suppress the chromatic effect in 

a broad continuous bandwidth, the phase profile of  

the metalens should be designed strategically 

[33–35]. 

In this work, we propose a broadband 

achromatic planar metalens in the mid-IR range with 

a hybrid designing principle, which combines the 

P-B geometrical phases and additional phase. Herein, 

the P-B geometrical phases from all the elements 

rotation angle variation contribute to the main phase 

increment of the whole phase profile of the metalens. 

The additional phase is constructed and optimized 

by varing the length of all the elements. Through the 

combined designing method, a broadband 

achromatic dielectric metalens in the mid-infrared 

range of 4 μm – 5 μm for near diffraction-limited 

(1.0λ) focusing is designed and demonstrated. Here, 

the integrated resonant elements in the metalens 

represent the discrete P-B phase and linear phase 

response by simultaneously tailoring the orientation 

and the length of the dielectric rectangular resonant 

elements. Based on the waveguide theory, the 

effective medium theory, and generalized Snell’s law, 

the propagation and focusing characteristics of the 

proposed planar metalens are simulated and 

calculated, which present the good achromatic 

performance in the mid-IR range of 4 μm – 5 μm. 

The proposed devices are easily fabricated and 

significant for detecting techniques and biomedical 

applications in the mid-IR range. 

2. Design, results, and discussion 

Usually, IR materials such as Si or CaF2 possess 

a merit of low absorption loss in the designed 

frequency [36]. To obtain the higher transmission 

efficiency at the mid-IR range, the all-dielectric 

resonant metalens of Si brick arrays on the CaF2 

substrate is used for our design. The optical 

transmission performance of the designed metalens 

is investigated and optimized in detail. The finite 

difference time-domain (FDTD) method is used to 

model the metalens and investigate its transmitting 

properties. The schematic diagram of the element 

structure is shown in Fig. 1(a), where a Si brick with 

the length l, the width w, and the height h is attached 

on the CaF2 substrate. Here, the thickness of the 
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layer of the CaF2 substrate is set as 0.5 µm. The 

width of the Si brick is fixed at 400 nm, and the 

length varies at the range of 600 nm – 2 000 nm. Here, 

for reducing calculation, we optimize the size of the 

nanobricks based on the effective medium theory 

while keeping the width of the Si brick is not 

changed. The height of the Si brick is 2 500 nm, 

which is tall enough to cover 2π phase in the 

mid-infrared range [36]. Totally, the designed 

metalens is composed of a square lattice of Si brick 

arrays with a lattice constant of 2 μm. The boundary 

conditions in x, y, and z directions are set to the 

perfect match layer (PML), wherein the mesh size is 

set equally as 120 nm. The permittivities of Si and 

CaF2 are taken from experimental results [37, 38]. 

The anisotropic feature of the Si brick is used to 

tailor the phase response to the incident circularly 

polarized light. Here, θ is the orientation angle 

between the long axis of the silica bar and       

the x-axis. 
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Fig. 1 Schematic diagram and phase tuning by the Si brick arrayed planar metalens: (a) a silicon brick on the CaF2 substrate,     
w = 400 nm, h = 2 500 nm, and l varies at the range of 600 nm – 2 000 nm (the inset shows the brick orientation), (b) theoretical and 
simulation results of the phase response of the brick with different spatial orientations, (c) simulation results of the phase response of 
the nano-bricks with different lengths at the wavelengths of 4 mm and 5 mm, (d) phase profile of the metalens composed of a square 
lattice of the Si brick arrays with a lattice constant of s = 2 μm, and (e) phase distribution of different wavelengths at the same focus on 
lenses planes. 

At first, the tailoring effect of a single Si brick 

on the phase and amplitude of the incident light with 

the circular polarization is studied. The two 

directions of the independent coordinate axes of the 

metalens structural unit are u and v, and the angle 

between the coordinate axis u and the x-axis of the 

reference coordinate system is θ. In the case of the 

circularly polarized light incidence, the 

electromagnetic fields after interaction with the 

metalens are expressed as [39] 

2 j1 11
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σ σ
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(1) 
where ±σ represent the right-handed circular 

polarization and left-handed circular polarization. 

The transmittance coefficients of the 

electromagnetic waves in the two directions of u and 

v are tu and tv, respectively. It is easy to see that the 

scattered electromagnetic wave contains an origin 

polarized component and a component opposite to 
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the original polarization which carries 2σθ 

additional geometric phase. Importantly, this 

additional geometric phase is a key factor to realize 

the controllable wavefront reconstruction by the 

metalens. So, for σ = 1, when one rotates the Si 

nano-brick with discrete angels, it will bring the 2θ 

phase addition to the scattered field. In our design, a 

hybrid phase modulating method is used to construct 

the whole phase for the dielectric metalens. As 

shown in Fig. 1(b), a supercell with the seven Si 

bricks array covers 2π phase variation when the 

nano-brick presents a continuous rotation angle of 

π/6. The P-B geometrical phases of all the bricks 

contribute to the main phase increment of the whole 

phase profile of the metalens. In Fig. 1(c), the 2π 

phase response at the wavelengths of 4 mm and    

5 mm versus the length of nano-bricks shows the 

dispersion values of the length of the nano-brick, 

where the brick sizes are w = 400 nm, h = 2  500 nm, 

and l varies in the range of 600 nm – 2 000 nm. 

Based on the phase constructing principle, the 

key process for achieving light focus by the planar 

metalens is to construct the desired phase plane. The 

distribution of phase increment at different positions 

for circular polarized incidences on the metalens is 

as following [40]: 

2 2 22
( , ) ( ) 2i i i i

c

x y f x y f n
πϕ π

λ
= − + + +   (2) 

where λc is the central light wavelength, f is the 

focal length, n is an integer, and (xi, yi) represents 

the position on the plane of the lens. The design of a 

broadband achromatic metalens is to determine the 

phase profile required for the sub-diffraction 

focusing for different wavelengths. So, it is 

necessary to construct the phase profile as shown in 

Fig. 1(d) for different wavelengths. Accordingly, the 

phase profile for a broadband metalens at the 

arbitrary wavelength of λ∈{λmin, λmax} should be 

designed to a parabolic profile, as shown in Fig. 1(e). 

Generally, in the case of the working wavelength 

range of λ∈{λmin, λmax} and λmax being the 

boundaries of the interested wavelength, the phase 

in (2) can be rewritten as 

max max max( , , ) ( , , ) ( , , )i i i i i ix y x y x yλ λ λ λϕ λ ϕ λ ϕ λ= + Δ . 

(3) 

In the above formula, the first term on the right 

side of the equation is a fixed value as the reference 

wavelength and focal length are determined, which 

can be achieved by the P-B phase of the bricks in the 

metalens. The second is a wavelength-related term, 

which is determined by optimizing the size of the 

bricks based on the effective medium theory. 

Through the above phase construction processes, the 

final optimized metalens structures with a total 

phase corrections can be summed by the phase 

difference between the ideal phase and the real 

phase at each point (xi, yi), which is represented as 

total ( )

( , , ) ( , , )I i i n R i i n
i n

x y x y

ϕ ϕ λ

ϕ λ ϕ λ

Δ = Δ =

−




      (4) 

where the subscript i indicates a position (xi, yi) 

along the radius of the metalens, and λn is the 

wavelength range from 4 μm to 5 μm. To obtain the 

optimal phase structure of the broadband achromatic 

metalens, the minimum value of the total phase 

corrections and the corresponding phase at each 

point need to be calculated. Because of the large 

data scale during the calculation, the random search 

algorithm with a strong searching ability is adopted 

in our simulation to analyze the x-axis phase 

response of the metalens with the designed focal 

length of 100 μm and the diameter of 100 μm. In     

Fig. 2(a), the phase profiles at the positive x-axis 

side for several typical wavelengths are calculated 

through (2). In order to allow the metalens to work 

in a broadband frequency, the linear phase increases 

caused by optimizing the length of each brick to 

support the additional phase for the whole metalens. 

So, by using the hybrid phase modulating tactics for 

the metalens, the local response caused by changing 

the size of the brick and the non-local response 

caused by changing the position of the bricks 
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determines its transmission properties finally. The 

optimized phase profile at two represented 

wavelengths and the reference wavelength of 5 μm 

are shown in Figs. 2(b) – 2(d). Because the phase 

profile is optimized based on the reference 

wavelength of 5 μm, the phase difference between 

the ideal phase and the real phase at 5 μm is minimal. 

Compared to the ideal phase profile, the real 

optimized phase profiles are more meticulous, which 

can be fit to focus the light at a much broader band. 

Thus, the size and orientation for each Si brick along 

the radial direction are determined according to the 

phase requirement at each coordinate r. To 

compensate the broadband dispersion, the minimum 

total phase corrections of (4) should be satisfied for 

each Si brick with the desired phase. In detail, the 

minimum phase should be obtained by calculating 

the phases for the bricks’ length changes from   

0.6 μm to 2 μm with an increment of 300 nm, where 

the wavelength increment is 0.2 μm. Then, the 

bricks’ size at each coordinate r with the required 

phases can be determined. In general, the maximum 

conversion efficiency can be reached at a resonant 

wavelength. So, in a broadband range, the whole 

conversion efficiency of the metalens could be 

averaged and lowered. 

 

Fig. 2 Phase optimization: (a) theoretical ideal phase profile for some represented wavelengths at the positive x-axis of the lenses 
plane, and (b)–(d) ideal phase and real optimized phase at two represented wavelengths and the reference wavelength of 5 μm. 

Now that the whole phase profile and dispersion 

are established, the nanostructures designing should 

be considered to simultaneously satisfy the required 

phase and group delay dispersion at each coordinate 

r in the metalens for all incidences. To compare, the 

regular metalens composed of Si bricks with the 

same size is first constructed in Fig. 3(a). Then, the 

achromatic metalens with the desired phase profile 

is constructed by using an FDTD script method. To 

arrange the Si bricks on the CaF2 substrate, the size 

and orientation for each Si brick at a certain 

coordinate r are based on the calculation results. By 
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changing the length of the bricks with the fixed 

width of 400 nm and the thickness of 2 500 nm, the 

optimized metalens with the desired phase profile is 

constructed. As shown in Fig. 3(b), the elements are 

arranged into a circular shape with a fixed radius, 

which is corresponded to the circle radius of the 

projection of the phase profile to the substrate. After 

the arrangement circle by circle, the whole metalens 

is constructed finally with a diameter of 100 μm on 

the CaF2 substrate. In Fig. 3(c), the enlarged image 

shows the clear arrangements of the elements. Each 

element supports a particular light scattering and 

controls the phase of the scattered light field by its 

orientation and geometrical shape. 

(a)

10 μm

(b)

(c)
10 μm

10 μm
 

Fig. 3 Schematic diagram of the metalens with the Si bricks: 
(a) regular metalens composed of the Si bricks with the same 
size of w = 400 nm, l = 1 600 nm, and h = 2 500 nm,          
(b) achromatic metalens with the Si bricks arranged with the 
desired phase profile, where the width is 400 nm and the 
thickness is 2 500 nm, and the length varies at the range of   
600 nm – 2 000 nm, and (c) enlarged area notifies the clear 
arrangements of the elements in (b). 

For the practical applications of focusing devices 

with the broadband achromatic property, the 

operational bandwidth should be investigated and 

analyzed. To investigate the broadband 

characteristics of our metalens, the performance of 

achromatic focusing is simulated for the design at 

the incident wavelength range of 4 μm – 5 μm. 

Together, the broadband focusing performance of 

the regular metalens is chosen to compare. The 

numerical aperture (NA) variation of two kinds of 

designed metalens with a diameter of 100 μm for 

different wavelengths is illustrated in Fig. 4(a). In 

addition, we have also simulated a metalens with a 

diameter of 80 μm and a focal length of 20 μm, 

where the full-width at half-maximum (FWHM) 

value is 4.5 μm. So, the NA value of the metalens is 

about 0.89. Then, we get the theoretical resolution 

limit of 2.74 μm for the lens, which is about 1.6 

times of the diffraction limit. Therefore, it is 

difficult to increase the NA value as the diameter 

increases, while the focal length and phase profile of 

the metalens are fixed. The focal length for normal 

incidences at the wavelength range of 4 μm – 5 μm 

for the regular metalens and achromatic metalens is 

depicted in Fig. 4(b). The simulated intensity 

distributions in the linear scale of the focal profile at 

different wavelengths in the case without and with 

the phase optimization are shown in Figs. 4(c) and 

4(d), respectively. It is observed that the focal planes 

of the achromatic metalens with the phase 

optimization are almost located at a small range of 

105 μm to 116 μm, which is very near to the 

designed focal length of 100 μm. Together, the 

intensity distribution of the focal profile varies little. 

In contrast, for the regular metalens without the 

phase optimization, the focal planes shift 

dramatically from 100 μm to 125 μm and the 

intensity distribution of the focal profile varies 

clearly. We ascribe this focusing performance 

difference to the hybrid phase modulating for the 

metalens. At the same time, the resonant dispersion 

between nanoblocks with different sizes also plays a 

role in achieving a broadband achromatic metalens 

[41, 42]. Figure 4(e) shows the simulated intensity 

profiles along the white dashed lines in Figs. 4(c) 

and 4(d) at different wavelengths, which is also 

demonstrated to visualize the effect of chromatic 

aberration of the two kinds of metalens. Through the 

calculation, it can be found that the FWHM of the 

focus spot reaches the smallest value of 1.0λ. Here, 

since the benchmark phase profile and dispersion 
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optimization are chosen at the wavelength of 5 μm, 

the focusing efficiency at 5 μm is the highest, and it 

slightly decreases from 5 μm to 4 μm. We attribute 

the superior broadband characteristics of our 

metalens in the range of 4 μm – 5 μm to the fact that 

the phase control relies on not only the orientations 

of the bricks but also the elements length tuning at 

different incident wavelengths. 
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Fig. 4 Focusing performance of the regular metalens and the achromatic metalens: (a) numerical aperture variation of the designed 

metalens for different wavelengths, (b) focal length for normal incidences at the wavelength range of 4 μm – 5 μm; simulated results of 
the intensity distribution in the linear scale of the focal profile at different wavelengths in the case of without (c) and with the phase 
optimization (d); (e) simulated intensity profiles along the white dashed lines in Figs. 4(c) and 4(d) at different wavelengths to 
visualize the effect of chromatic aberration of the regular metalens and achromatic metalens. 

To compare the focusing performance of the 

metalens, the focusing efficiencies of the regular 

metalens and achromatic metalens are calculated at 

different wavelengths in the mid-infrared range. The 

focusing efficiency is calculated with the ratio of the 

intensity integral of the FWHM and the whole 

intensity profile at the focal plane as shown in the 

inset of Fig. 5. As shown in Fig. 5, the focusing 

efficiency of the regular metalens reaches a highest 

value of 72% at 5 μm. However, the focusing 

efficiency drops gradually when the wavelength 

varies from 5 μm to 4 μm. For the achromatic 

metalens, the highest efficiency is up to 62%, while 

the average efficiency is about 51.6% over the 

whole working bandwidth. Mostly, this focusing 

efficiency average process of the achromatic 

metalens is the result of the phase optimization of 

the building elements. The phase optimization in a 

broad band range from 4 μm to 5 μm causes more 

energy to be reflected and absorbed, so the overall 

focusing efficiency of metalens is averaged and 

lower than that of the regular metalens at some 

particular wavelengths. 
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achromatic metalens under different wavelengths in the 
mid-infrared range. The inset is the focusing efficiency 
schematic diagram. 
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3. Conclusions 

In conclusion, we have proposed and 

demonstrated a novel metalens that are capable of a 

broadband chromatic focusing in the mid-IR range. 

These metalenses utilize the arrangement orientation 

and length variation of the bricks to form an 

accurate phase profile for correcting chromatic 

aberration. The demonstrated results show that these 

metalenses render a good achromatic performance in 

the mid-IR range of 4 μm – 5 μm. Our presented 

metalens that can be used for broadband achromatic 

focusing in the mid-IR band, which has high 

potential applications of ultra-compact imaging, 

spectroscopy, and detection in the infrared range. 

Moreover, our design scheme is an effective and 

robust way for the phase encoding and wavefront 

modulating in the metalens design and fabrication. 

Acknowledgment 

This work was partially supported by the Key 

Research & Development Project of Sichuan 

Provincial Department of Science and Technology 

(Grant No. 2021YFG0369) and State Grid Science 

and Technology Project (Grant No. 5700- 

202127198A-0-0-00). 

 
Open Access  This article is distributed under the terms 
of the Creative Commons Attribution 4.0 International 
License (http://creativecommons.org/licenses/by/4.0/), 
which permits unrestricted use, distribution, and 
reproduction in any medium, provided you give 
appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons license, and 
indicate if changes were made. 

 

References 
[1] L. Zhang, J. Ding, H. Y. Zheng, S. S. An, H. T. Lin, 

B. W. Zheng, et al., “Ultra-thin high-efficiency 
mid-infrared transmissive Huygens meta-optics,” 
Nature Communications, 2018, 9(1): 1–9. 

[2] Y. Yang, Q. Zhao, L. Liu, Y. Liu, C. 
Rosales-Guzmán, and C. W. Qiu, “Manipulation of 
orbital-angular-momentum spectrum using pinhole 
plates,” Physical Review Applied, 2019, 12(6): 
064007. 

[3] P. Sun, M. Zhang, F. Dong, L. Feng, and W. Chu, 
“Broadband achromatic polarization insensitive 
metalens over 950 nm bandwidth in the visible and 
near-infrared,” Chinese Optics Letters, 2022, 20(1): 
013601. 

[4] Y. Cui, G. Zheng, M. Chen, Y. Zhang, Y. Yang, J. Tao, 
et al., “Reconfigurable continuous-zoom metalens in 
visible band,” Chinese Optics Letters, 2019, 17(11): 
111603. 

[5] F. F. Li, H. J. Liu, N. Huang, and Z. L. Wang, “Near 
infrared step-zoom doublet lens based on dielectric 
metasurfaces,” Journal of Optics, 2018, 20(7): 
075105. 

[6] M. Khorasaninejad and F. Capasso, “Metalens: 
versatile multifunctional photonic components,” 
Science, 2017, 358: 1146. 

[7] S. Y. Zhang, M. H. Kim, F. Aieta, A. She, T. 
Mansuripur, I. Gabay, et al., “High efficiency near 
diffraction-limited mid-infrared flat lenses based on 
metasurface reflectarrays,” Optics Express, 2016, 
24(16): 18024–18034. 

[8] A. Wang, Z. M. Chen, and Y. P. Dan, “Planar 
metalens in the mid-infrared,” AIP Advances, 2019, 
9(8): 085327. 

[9] T. Liu, J. Hu, L. Zhu, R. Zhou, C. Zhang, C. Wang, 
et al., “Large effective aperture metalens based on 
optical sparse aperture system,” Chinese Optics 
Letters, 2020, 18(10): 100001. 

[10] Y. Zhao, Y. Su, X. Hou, and M. Hong, “Directional 
sliding of water: biomimetic snake scale surfaces,” 
Opto-Electronic Advances, 2021, 4(4): 04210008. 

[11] M. Khorasaninejad, W. T. Chen, R. C. Devlin, J. Oh, 
A. Y. Zhu, and F. Capasso, “Metalens at visible 
wavelengths: diffraction-limited focusing and 
subwavelength resolution imaging,” Science, 2016, 
352: 1190–1194. 

[12] C. Saeidia and D. V. D. Weide, “Wideband 
plasmonic focusing metasurfaces,” Applied Physics 
Letters, 2014, 105(5): 053107. 

[13] H. S. Ee and H. G. Park, “Design of tunable silicon 
metasurfaces with cross-polarization transmittance 
over 80%,” Physica Scripta, 2018, 93(8): 085501. 

[14] R. Z. Li, F. Shen, Y. X. Sun, W. Wang, L. Zhu, and  
Z. Y. Guo, “Broadband, high-efficiency, arbitrary 
focusing lens by a holographic dielectric 
meta-reflectarray,” Journal of Physics D: Applied 
Physics, 2016, 49(14): 145101. 

[15] F. Zhang, H. L. Yu, J. W. Fang, M. Zhang, S. C Chen, 
J. Wang, et al., “Efficient generation and tight 
focusing of radially polarized beam from linearly 
polarized beam with all-dielectric metasurface,” 
Optics Express, 2016, 24(6): 6656–6664. 

[16] M. K. Chen, Y. F. Wu, L. Feng, Q. B. Fan, M. H. Lu, 
T. Xu, et al., “Principles, functions, and applications 
of optical meta-lens,” Advanced Optical Materials, 
2021, 9(4): 2001414. 

[17] L. Li, Z. X. Liu, X. F. Ren, S. M. Wang, V. Su,    



Ye YUAN et al.: A Broadband Achromatic Dielectric Planar Metalens in Mid-IR Range 

 

Page 9 of 9

M. K. Chen, et al., “Metalens-array-based 
high-dimensional and multiphoton quantum source,” 
Science, 2020, 368(6498): 1487–1490. 

[18] M. X. Zhao, M. K. Chen, Z. P. Zhuang, Y. W. Zhang, 
A. Chen, Q. M. Chen, et al., “Phase characterization 
of metalens,” Light: Science & Applications, 2021, 
10(4): 551–561. 

[19] F. Aieta, M. A. Kats, P. Genevet, and F. Capasso, 
“Multiwavelength achromatic metasurfaces by 
dispersive phase compensation,” Science, 2015, 
347(6228): 1342–1345. 

[20] Q. Wang, X. Q. Zhang, Y. H. Xu, Z. Tian, J. Q. Gu, 
W. S. Yue, et al., “A broadband metasurface-based 
terahertz flat-lens array,” Advanced Optical 
Materials, 2015, 3(6): 779–785. 

[21] H. W. Liang, Q. L. Lin, X. S. Xie, Q. Sun, Y. Wang, 
L. D. Zhou, et al., “Ultrahigh numerical aperture 
metalens at visible wavelengths,” Nano Letters, 
2018, 18(7): 4460–4466. 

[22] A. Arbabi, Y. Horie, M. Bagheri, and A. Faraon, 
“Dielectric metasurfaces for complete control of 
phase and polarization with subwavelength spatial 
resolution and high transmission,” Nature 
Nanotechnology, 2015, 10(11): 937–943. 

[23] K. Li, Y. I. Guo, M. B. Pu, X. Li, X. L. Ma, Z. Y. 
Zhao, et al., “Dispersion controlling meta-lens at 
visible frequency,” Optics Express, 2017, 25(18): 
21419–21427. 

[24] N. F. Yu and F. Capasso, “Flat optics with designer 
metasurfaces,” Nature Materials, 2014, 13: 
139–140. 

[25] Z. Li, E. Palacio, S. Butun, and K. Aydin, 
“Visible-frequency metasurfaces for broadband 
anomalous reflection and high-efficiency spectrum 
splitting,” Nano Letters, 2015, 15(3): 1615–1621. 

[26] S. M. Wang, P. C. Wu, S. Vin-Cent, L. Yi-Chieh,   
C. H. Chu, C. Jia-Wern, et al., “Broadband 
achromatic optical metasurface devices,” Nature 
Communications, 2017, 8(1): 1–9. 

[27] M. Khorasaninejad, F. Aieta, P. Kanhaiya, M. A. 
Kats, P. Genevet, D. Rousso, et al., “Achromatic 
metasurface lens at telecommunication wavelengths,” 
Nano Letters, 2015, 15(8): 5358–5363. 

[28] D. Lin, P. Y. Fan, E. Hasman, and M. L. Brongersma, 
“Dielectric gradient metasurface optical elements,” 
Science, 2014, 345(6194): 298–302. 

[29] H. H. Hsiao, Y. H. Chen, R. J. Lin, P. C. Wu, S. M. 
Wang, B. H. Chen, et al., “Integrated resonant unit 
of metasurfaces for broadband efficiency and phase 
manipulation,” Advanced Optical Materials, 2018, 
6(12): 1800021. 

[30] K. Ou, F. L. Yu, G. H. Li, W. J. Wang, A. E. 
Miroshnichenko, L. J. Huang, et al., “Mid-infrared 

polarization-controlled broadband achromatic 
metadevice,” Science Advances, 2020, 6(37): 
eabc0711. 

[31] S. Shrestha, A. C. Overvig, M. Lu, A. Stein, and N. F. 
Yu, “Broadband achromatic dielectric metalens,” 
Light: Science & Applications, 2018, 7(1): 1–11. 

[32] Z. J. Zhang, Z. C. Cui, Y. Liu, S. C. Wang, I. Staude, 
Z. Y. Yang, et al., “Design of a broadband 
achromatic dielectric metalens for linear polarization 
in the near-infrared spectrum,” OSA Continum, 2018, 
1(3): 882–890. 

[33] Y. J. Wang, Q. M. Chen, W. H. Yang, Z. H. Ji, L. M. 
Jin, X. Ma, et al., “High-efficiency broadband 
achromatic metalens for near-IR biological imaging 
window,” Nature Communications, 2021, 12(1): 1–7. 

[34] S. Wang, P. C. Wu, V. C. Su, Y. C. Lai, M. K. Chen, 
H. Kuo, et al., “A broadband achromatic metalens in 
the visible,” Nature Nanotechnology, 2018, 13(3): 
227–232. 

[35] W. Chen, A. Y. Zhu, V. Sanjeev, M. Khorasaninejad, 
Z. Shi, E. Lee, et al., “A broadband achromatic 
metalens for focusing and imaging in the visible,” 
Nature Nanotechnology, 2018, 13(3): 220–226. 

[36] Z. L. Guo, L. H. Tian, F. Shen, H. P. Zhou, and    
K. Guo, “Mid-infrared polarization devices based  
on the double-phase modulating dielectric 
metasurface,” Journal of Physics D: Applied Physics, 
2017, 50(25): 254001. 

[37] D. Chandler-Horowitz and P. M. Amirtharaj, 
“High-accuracy, midinfrared (450 cm–1 ≤ ω ≤      
4 000 cm–1) refractive index values of silicon,” 
Journal of Applied Physics, 2005, 97(12): 123526. 

[38] M. Herzberge and C. D. Salzber, “Refractive indices 
of infrared optical materials and color correction of 
infrared lenses,” Journal of the Optical Society of 
America, 1962, 52(4): 420–427. 

[39] W. T. Chen, A. Y. Zhu, J. Sisler, Y. W. Huang, K. M. 
A. Yousef, E. Lee, et al., “Broadband achromatic 
metasurface-refractive optics,” Nano Letters, 2018, 
18(12): 7801–7808. 

[40] F. Aieta, P. Genevet, M. A. Kats, N. F. Yu, R. 
Blanchard, Z. Gaburro, et al., “Aberration-free 
ultrathin flat lenses and axicons at telecom 
wavelengths based on plasmonic metasurfaces,” 
Nano Letters, 2012, 12(9): 4932–4936. 

[41] W. H. Ni, X. H. Kou, Z. Yang, and J. F. Wang, 
“Tailoring longitudinal surface plasmon wavelengths, 
scattering and absorption cross sections of gold 
nanorods,” ACS Nano, 2009, 2(4): 677–686. 

[42] W. Su, X. Y. Li, J. Bornemann, and R. Gordon, 
“Theory of nanorod antenna resonances including 
end-reflection phase,” Physical Review B, 2015, 
91(16): 165401.

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.03333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


