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ABSTRACT   

Chromatic dispersion represents the wavelength-dependent behavior of optical devices and limits their operation 

bandwidth. Due to the material dispersion restriction of refractive elements, dispersion engineering remains a challenge 

to imaging technology and optical communication. Recently, metalens offers an attractive approach to engineer the 

dispersion by introducing the additional degree of freedom with only a single layer of nanostructures. Here, we propose a 

method to design the dual-wavelength metalenses with controllable dispersion characteristic in transmission mode in the 

visible region. Three kinds of polarization-independent metalenses are demonstrated, including those with zero 

dispersion, positive axial dispersion, and negative axial dispersion. All the metalenses show high resolution with nearly 

diffraction-limited focusing. Our findings may provide an alternative way to design dual-wavelength functional devices 

in the fields of optical information processing, imaging technologies and complex fluorescence techniques.   
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1. INTRODUCTION  

Chromatic dispersion is an inherent phenomenon that the electromagnetic wave propagating speed depends on the 

frequency and material. Chromatic dispersion of a certain device refers to the derivative of its given performance 

parameter with respect to the frequency. For the optical lens, chromatic dispersion reflects the variation of focus with the 

frequency or wavelength. Different dispersion is beneficial to different specific applications, such as spectrometers [1], 

superprisms [2], and slow light devices [3]. Therefore, to engineer the optical lens with delicate dispersion is extremely 

attractive in the fields of imaging and optical communication. In conventional refractive optics, numerous efforts have 

been made to develop the optical lenses [4, 5] with certain dispersion. The achromatic doublet and apochromatic triplet 

have been used to correct the chromatic aberration at two and three wavelengths [6], respectively. The adoption of the 

unsymmetrical freeform optics with arbitrary shape offers new opportunities in eliminating or expanding the dispersion 

[7]. However, the conventional lenses require two or more components and thus bulky sizes to engineer the dispersion, 

which is hard to apply to the wearable and portable devices. The additional components will also bring stricter challenge 

to the manufacturing processing and alignment technique. Hence, a planar, single optical element is rather in need to 

engineer the chromatic dispersion arbitrarily. 

Recently, metasurfaces draw extensive attention with their enhanced functionalities and planar features [8-10], and 

provide an alternative platform to achieve the chromatic dispersion. By arranging the array of nanostructures intelligently, 

metasurfaces have proven capable of implementing many planar devices, including beam deflectors [11, 12], vortex 

beam generators [12, 13], holograms [14, 15], vector beam generators [16], and especially the metalenses [17, 18]. 

Metalenses have been proved to engineer the dispersion with exceeding performance. For instance, strong dispersion was 

observed when the metalenses operate in off-axis, and thus compact spectrometers have been demonstrated in both 

visible [19] and the near infrared regions [20] with unprecedented spectral resolution. Besides, zero dispersion has also 
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been achieved in recent work by correcting the chromatic aberration of metalenses to double wavelengths [21, 22], triple 

wavelength [23], and a continues wavelength range [24-27]. For some applications (e.g. two-photon fluorescence 

microscopy (TPM)) [28, 29], the optical elements with specific dispersion (zero, positive or negative) at double 

wavelength are attractive for compensating or expanding the dispersion of the entire optical system. 

In this work, we proposed an alternative approach to engineer the chromatic dispersion in dual-wavelength metalenses. 

The inscribed-cross-shaped meta-atoms are designed to provide fully 2π phase coverages at the two discrete wavelengths 

independently. Three kinds of metalenses are demonstrated, including those with zero dispersion, positive axial 

dispersion, and negative axial dispersion. With the nearly diffractive-limited focusing, all metalenses operate in the 

transmission mode for the unpolorized light at 440 nm and 720 nm. Our results may pave a novel way for the double-

wavelength functional applications in the fields of optical information processing, imaging technologies and complex 

fluorescence techniques. 

 

2. PRINCIPLE  

 
Figure 1. A schematic diagram shows the design process of dual-wavelength metalenses with controllable dispersion.  

Figure 1 illustrates the design process of dual-wavelength metalenses with controllable dispersion. First, the design of 

dual-wavelength phase profiles is determined by the focal spot location according to the specific dispersion. A library is 

then built with a fruitful set of meta-atoms to fill as much as phase space at 440 nm and 720 nm. Finally, full wave 

simulation is done to derive the axial dispersion of the whole metalens. 

Metasurfaces can almost achieve arbitrary phase, amplitude, polarization pixel by pixel. For our purposes, we only 

manipulate the phase for the normal incidence light. The total output phase tot  through the metasurface propagation 

comes from two parts ( ) ( ) ( )m ptot x, y, x, y, x, y,      , where m  is the phase shift imparted by the metasurafe at 

the point ( )x, y  , and p  is the uniform distribution phase via propagation in the homogeneous medium (i.e. the 

substrate). For a metalens, a spherical wavefront is guaranteed to focus the light and thus, for an arbitrary focal point 

with the spatial position = ( )i i i if x , y ,z   at the wavelength of i  , the phase shift m can be designed as 

       2 2 22
( )m i i i i i

i

x, y, x - x y - y z z





          (1), 

where the subscript i is an integer. The dispersion of metalens can be defined as s = d df  , and for double 

wavelengths, we can use the difference form of    s i j i jf f      . As the focal point relates to three-dimensional 

spatial position, the axial dispersion can be written as  s ( ) ( )z i i j j i jf z f z       . To control the dispersion on a 

single-layer metalens at double wavelengths, the different focal points are required and can be set as two arbitrary spatial 

position. Hence, different phase profiles are needed at the designed wavelengths, according to the equation (1).  For the 

demonstration of the design process, we have designed three kinds of metalenses with different dispersions at the 
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wavelength of 440 nm and 720 nm. Note that the phase profiles at the different wavelengths should be decoupled. The 

phase modulations need to cover fully 2π range at both two wavelengths and the difference between them should take 

any value among 0-2π. In the following sections, we will show an approach to engineer the chromatic dispersion in dual-

wavelength metalenses, in which the inscribed-cross-shaped meta-atoms are designed to provide fully 2π phase 

coverages at the two discrete wavelengths. 

 

3. META-ATOM LIBRARY 

 
Figure 2. Meta-atom libraries. (a) Schematic drawing of meta-atoms, constructed by a silicon-rich nitride array (n = 

2.4) with nanoposts on a fused silica substrate (n = 1.46). The square lattice constant is p = 420 nm, and the thickness 

of nanoposts is 1000 nm. (b), (c) Calculated transmittance of selected meta-atoms at 440 nm and 720 nm, respectively. 

To realize the wavelength-independent phase modulations, we design a set of meta-atoms with fully 2π coverage at 440 

nm and 720 nm in the periodic gratings. Various kinds of meta-atoms have been demonstrated by previous work, 

including gratings [11, 23], nanofins [17, 19], elliptical nanopillars [30], circular nanopillars [18] and composite 

nanopillars [24, 25]. Generally, such meta-atoms can be categorized by their polarization-dependence. In the pursuit of 

polarization-independent focusing, we choose the meta-atoms with four-fold symmetry to control the unpolarized light. 

In order to fill as much as phase space at 440 nm and 720 nm, we need to create the meta-library that contains a fruitful 

set of meta-atoms. As shown in Fig. 2(a), we consider the inscribed-cross-shaped pillars. It has been pointed out that the 

dispersion of meta-atoms comes from the interaction between light and the structures and materials, namely structural 

dispersion and material dispersion [31]. For simplicity, we neglect the material dispersion and regard the refractive index 

as a constant at the given double wavelengths. We perform the finite difference time domain (FDTD) method to simulate 

these gratings, yielding the phase and transmission at the wavelengths of interest. By the sweep algorithm, we have built 

a meta-atom library with over 10000 kinds of meta-atoms. Here, we consider the silicon-rich nitride (n = 2.4) as the 

material of meta-atoms and the substrate is silica (n = 1.46). The meta-atoms are then constructed to the periodic gratings, 

with the rectangular lattice constant of 420 nm and the height of 1000 nm.  

For each desired combination of phases 1  at 440 nm and 2  at 720 nm, phase pairs  1 2 ，  can be implemented by 

the specific meta-atoms. To filter out the best meta-atoms, we take complex amplitude responds of meta-atoms into 

account, and use the transmission error [32, 33] of    
2 2

1 2= exp( ) exp( )1 2i t i t      , where 1t  and 2t  are the 

complex transmission coefficients at the two wavelengths. Finally, meta-atoms are filtered out from the meta-atom 

library by minimizing the transmission errors. The corresponding transmittances at 440 nm and 720 nm are also shown 

in Figs. 2(b) and 2(c), respectively.  
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4. DOUBLE-WAVELENGTH METALENSES WITH DIFFERENT DISPERSION 

 
Figure 3. Comparison of different dispersion metalenses upon illumination with λ = 440 nm and 720 nm. (a) 

Normalized intensities distribution in xz-plane of zero dispersion metalens. (b) Corresponding cross sections in z 

direction through the center of the focal spots.  (c)-(f) Similar results to (a)-(b), but for positive and negative axial 

dispersion metalenses. 

With the above-mentioned meta-atoms, the double-wavelength metalenses with arbitrary dispersions can be realized 

theoretically. We first show a 30-μm-diameter metalens with zero dispersion that axial dispersion is equal to zero ( s = 0z
) 

at 440 nm and 720 nm, focusing the light at a distance of 14 μm on the same position behind the metalens, yielding the 

corresponding numerical aperture (NA) as large as 0.73. Figure 3(a) gives the simulated results of the normalized 

intensity distributions in xz-plane across the focal spots. It is obvious that only one focus in the output field at each 

wavelength and the simulations greatly verify the feasibility of our designs with the focal lengths of 14.2 μm at both two 

wavelengths. The corresponding cuts of the focal spots along z are plotted in Fig. 3(b). The simulated full-widths at half-

maximums (FWHMs) are 325 and 510 nm at the wavelength of 440 nm and 720 nm respectively, close to the 

diffraction-limited values (301 nm at 440 nm, 493 nm at 720 nm). To characterize the focusing property of such zero 

dispersion metalens, we further calculate the focusing efficiencies of 18.68% at 440 nm and 54.74% at 720 nm, by 

extracting the optical power ratio of the focal spot to the incident beam. 

To describe the flexibility of our proposed method, we also design two metalenses of equal size but with different axial 

dispersion, one is positive and another is negative. The positive one focuses the purple light (440 nm) to the distance of 

14 μm and the red light (720 nm) to 19 μm, yielding the axial dispersion of s 17.9z  nm/nm. In contrast, the negative 

one has the focal length of 19 μm at 440 nm and 14 μm at 720 nm, yielding the opposite axial dispersion of 

s 17.9z   nm/nm. The normalized intensity distribution of the positive axial dispersion metalens in xz-plane are shown 

in Fig. 3(c) while the negative one in Fig. 3(e). Figure 3(d) plots the relevant cross sections in the z direction respectively, 

and the similar results for the negative one are plotted in Fig. 3(f). Note that the results show the axial dispersion of 

s 15.9z  nm/nm in the positive axial dispersion metalens with the focal lengths of 14.28 μm at 440 nm and 18.74 μm at 

720 nm, approximate consistence of the designed parameters. For the negative one, the simulated axial dispersion is 

s 16.9z   nm/nm, with the focal lengths of 18.82 μm at 440 nm and 14.10 μm at 720 nm, respectively. Hence, the 

analysis results in both two metalenses are well consistent with our theoretical designs. We also calculate the normalized 

intensities in the x direction of the focal spots in both metalenses. The FWHMs are 345 nm (with 19.60% efficiency at 
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440 nm) and 571 nm (with 42.02% at 720 nm) in the positive axial dispersion metalens, comparable to the diffraction-

limited FWHMs (301 nm at 440 nm and 493 nm at 720 nm). In the negative one, the purple light has the FWHM of 395 

nm (with 22.71% efficiency) and red light is 511 nm (with 50.69%), also close to the diffraction limits (355 nm at 440 

nm and 493 nm at 720 nm). 

 

5. CONCLUSION 

In conclusion, we have proposed a versatile method to engineer the chromatic dispersion in double-wavelength 

metalenses in the visible region. In particular, the polarization-independent meta-atoms are presented to realize the two 

phase profiles at the wavelengths of interest independently. As a proof of concept, three metalenses with different 

dispersion are reported, including zero dispersion metalens, positive axial dispersion metalens, and negative axial 

dispersion metalens. All metalenses demonstrate the high resolution powers with the nearly diffraction-limited focusing 

properties. Finally, our findings may open new avenues for the wavelength-controlled multifunctional applications, 

including optical information encryption, imaging technologies and complex fluorescence imaging techniques. 
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