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Abstract  

Implementation of multifunctional optical elements by controlling spectrum and wavefront 

simultaneously with conventional approaches is a difficult task due to their complicated 

structures and fabrication processes. We present a method to construct multifunctional optical 

components to achieve independent function at every operating wavelength in a 

shared-aperture configuration. The component contains amounts of periodical interleaved 

sectors composed of a metasurface layer sandwiched by two distributed Bragg reflectors 

(DBRs) and another metasurface layer upon the former. To demonstrate this method, we 

design and simulate a component which can focus the light wave at 0.521µm on a spot and 

deflect the wave at 0.585µm to a desired angle. The realized functions for different 

wavelengths will not interfere with each other, showing a low-crosstalk characteristic. Further 

improvement is applied to reduce the diffraction effect for light focusing and deflecting with 

smaller sidelobes by replacing the fixed period of the interleaved sectors with random periods. 

This work may provide an effective way of controlling the multiwavelength electromagnetic 

waves in extensive integrated optical systems. 

Keywords: metasurfaces, multifunctional component, phase modulation, wavefront control    

1. Introduction 

Metasurfaces as a new type of optical component to manipulate the electromagnetic 

wave have attracted more and more attention [1-3]. Compared to conventional bulk optical 

components relying on the gradual phase accumulation through the electromagnetic wave 

propagation in the media, metasurfaces consisted of the nanoscale structure array patterned on 

*Manuscript
Click here to view linked References
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a flat surface with special optical properties possess excellent performances and ultrathin 

thickness. The full control of the amplitudes, phases and polarization states of electromagnetic 

waves can be achieved. Furthermore, the ultrathin metasurface components can be readily 

wafer-level manufactured through processes compatible with CMOS technology instead of 

the traditional machining method for bulk optical components. Such promising approaches 

prove their great features and functionality, such as polarization control [4-6], holographic 

images [7-9], beam splitter [10-12], optical focus [13-15] and anomalous refraction [16-18].  

Due to the structure and materials dispersion, amounts of the metasurface components 

were operated at a single wavelength. Multiwavelength control can greatly broaden the 

application prospect of metasurface, such as achromatic or multifunctional components. 

Recently, the research work of multiwavelength control became a hotpot, and some 

wavelength-controlled metasurfaces have been presented [19-30]. Dispersion engineering 

[19-23] and spatial multiplexing [24-28] are two main approaches to construct the 

wavelength-controlled metasurfaces. Dispersion engineering is an essentially brute-force 

search approach by creating the subwavelength-scale building blocks library. Each building 

block possesses individual multi-wavelength responses. The wavelength-controlled 

metasurfaces are realized through searching the library and combining the appropriate 

building blocks with desired responses. However, as the number of functions increases, the 

construction of metasurface component becomes increasingly difficult, due to the limited 

design space provided by the building blocks. Spatial multiplexing is a structural 

segmentation method. In this approach, the metasurface structure is divided into a number of 

spatial shifters, in which each shifter only effectively acts on one wavelength. 

Multiwavelength operation is achieved by spatially interleaving phase shifters in the common 

optical aperture. But this approach also has its intrinsic limitations, such as that the 

wavelengths crosstalk from adjacent shifters will damage the performance of designed 

components [23, 28].  

In this paper, we present a method or platform to construct wavelength-controlled 

metasurface component based on the spatial multiplexing. Besides the wavelengths crosstalk 

limitation of spatial multiplexing can be effectively eliminated. The designed metasurface 

component possesses low-crosstalk characteristic that the realized functions for different 

wavelengths will not interfere with each other. The component contains amounts of periodical 

interleaved sectors, which are divided into different functional regions for the operating 

wavelengths. Each sector is consisted of two distributed Bragg reflectors as the high 

reflectivity mirrors and double metasurface layers with different tasks. When the incident 

wave with broadband or multiwavelength spectrum reaches each sector, it can selectively 
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transmit through the tunable Fabry-Perot (FP) cavity formed by the two DBR mirrors and a 

middle metasurface layer. Then the transmitted wave will be further shaped by the top 

metasurface layer to realize desired phase profile. Finally, the overall phase profiles of the 

designed functions are obtained through combining the partial phase profiles realized by the 

sectors. We design and simulate a metasurface component with focusing and deflecting 

functions at two wavelengths as an example to verify our method. Finally, we further improve 

the designed component by replacing the fixed period of the interleaved sectors with random 

periods for achieving a better performance. 

2. Principle of multifunctional component design 

 

Fig. 1. The schematic representation of shared-aperture multifunctional optical component formed by 

DBR-metasurface-DBR-metasurface structure.  

Figure 1 schematically illustrates the designed shared-aperture multifunctional planar 

optical component for two wavelengths. The whole structure includes amounts of sectors with 

fixed period (d) signed in the structural representation and deployed as the interleaved 

arrangment. The interleaved sectors are divided into different functional regions for 

corresponding wavelengths and formed by DBR-metasurface-DBR-metasurface structure. 

According to our design, each sector can perform both filtering and phase manipulation 

functions. Compared to the metasurface design with composite meta-atom [26], the 

interleaved sectors can achieve phase manipulation of the wave only at corresponding 

wavelengths. The DBRs contain 4 pairs of TiO2 and MgF2 layers to realize the high 

reflectivity mirrors. The thicknesses of MgF2 and TiO2 layer are 1 0.1h m and 2 0.056h m

respectively according to the formula for the high-reflective film design
1,2 1,2/ 4ch n , where

1 1.38n  and 2 2.436n  are the refractive indices of MgF2 and TiO2 at the central wavelength

0.55c m  . The dielectric gratings are used to fabricate the double metasurface layers. We 

choose TiO2 as the high refractive index grating materials, MgF2 and air as the low refractive 
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index insulator materials for middle and top metasurfaces respectively. In our design, the 

double metasurfaces possess different tasks. The top metasurface layer is designed as the 

phase shifter to realize wavefront manipulation for each operating wavelength. The middle 

metasurface, acts as an effective medium layer, is combined with two DBR mirrors to form a 

tunable FP cavity, which can select the operating wavelengths for the corresponding sectors 

and prevent the crosstalk between the sectors. 

In different grating feature areas, the dielectric grating owns dissimilar physical 

characteristics. When the period (P) is much smaller than the wavelength of incident light, the 

dielectric gratings work like a homogeneous dielectric with an effective refractive index 

according to the principles of effective medium theory (EMT). Furthermore, varying the 

parameters of the homogeneous dielectric grating (HDG) such as the period, the filling factor 

and the materials will cause a modulated effective refractive index, as expressed in the 

formula [31]: 
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n is the second order approximation of the effective refractive index ( effn ) for  
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are the zeroth order approximation of the 

effective refractive indices for TE and TM polarized modes respectively. P is the period of 

grating, and f is the filling factor defined as / Pf w ，where w is the width of grating. 

Therefore, changing the width of grating is seen as an effective approach to manipulate the 

effective refractive index. In Fig. 2(b), we present the effective refractive index ( effn ) of the 

HDG in the spectral range from 0.5μm to 0.65μm, with the period 1 0.2P m , the height

1 0.15L m , the uniform widths 1 0 ~ 0.2w m , and TiO2 (MgF2) as the grating (insulator) 

dielectric. The width w1 and wavelength λ have the important influence on the effective 

refractive index, and HDG with varied w1 and λ will achieve effn from 1.38 to 2.48. At the same 

time, figure. 2(d) detailly illustrates the effective refractive indices for the widths

1 0.04w m and 0.16μm in the spectral range from 0.5μm to 0.65μm. The HDG possesses the 

larger effective refractive index for 1 0.16w m , and the effective refractive index will 

decrease with the increase of the wavelength. We can obtain a larger effective refractive index 

by only increasing the grating width with the other structural parameters unchanged. 

Therefore, the middle metasurface layer with two DBR mirrors can construct a tunable FP 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

 

cavity with varied effective refractive indices by changing the grating widths. The resonance 

wavelength λ with the maximum transmission rate of FP cavity is able to be described by 

equation (2): 

                               
1

1 2

2

( ) / 2

effn L
=

m


   
                        (2) 

Where 1 and 2 are the reflection phases generated by the two DBR mirrors, m represents the 

resonant number. Based on equation (2), the resonance wavelength λ can be controlled by 

adjusting the effective refractive index, which is related with the grating width. Consequently, 

we can achieve the required operating wavelengths by selecting appropriate grating widths, 

such as 1 0.04w m for 0.521 m  and 1 0.16w m for 0.585 m  . 

  

Fig. 2. (a) The schematic of dielectric nano-grating as the unit cell. (b) The effective refractive indices and (c) the 

phases of the grating array in the spectral range from 0.5μm to 0.65μm, where
1 0.2P m ,

1 0.15L m ,

1 0 ~ 0.2w m for the effective refractive index modulation, and
2 0.45P m ,

2 0.5L m ,
2 0.08 ~ 0.3w m for 

the phase modulation. (d) The effective refractive indices of the grating array at different widths
1 0.04w m and

1 0.16w m . (e) The phases of the grating array as the varied widths for different wavelengths 0.521 m  and

0.585 m  . 

If the dielectric grating with appropriate structural parameters can support internal 

multiple modes propagation, but prevent external non-zero modes, the so-called resonance 

phenomenon will arise in it [32]. In this situation, the interaction of wave in the dielectric 
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grating becomes a complex process and has a high sensitivity to the local geometry. The 

electromagnetic wave can be manipulated effectively by adjusting the structure parameters of 

the resonance dielectric grating (RDG). Based on the data obtained from simulation 

calculation, figure 2(c) presents the phase of the grating array in the spectral range from 

0.5μm to 0.65μm with fixed period 2 0.45P m and height 2 0.5L m , varied widths

2 0.08 ~ 0.3w m , and air as the insulator. The coverage of phases will reach 2π in a wide 

spectral range from 0.5μm to 0.619μm, which means the wavefront of the outgoing 

electromagnetic wave in this spectral range can be completely controlled through the gratings 

with different widths. The relationship between phases and grating widths at two wavelengths

0.521 m  and 0.585μm are shown in Fig. 2(e). The grating with particular width 

corresponds to the special phase for each wavelength, which has the overall increase tendency 

from 0 to 2π as the width varying from 0.08μm to 0.3μm. 

 

Fig. 3 When the period of the interleaved sectors are fixed at 3.6d m , a part of the desired actual and ideal 

phase profile distribution along x direction to realize (a) the focusing function for 0.521 m  , and (b) the 

deflecting function for 0.585 m  .  

The realization of shared-aperture multifunctional planar optical components depends on 

the wavefront manipulation function of the interleaved sectors. To demonstrate the feasibility 

of this method, we design and simulate a component with focusing and deflecting functions at 

two different wavelengths as an example. The aperture of the whole structure is designed as

71.55D m including 20 interleaved sectors with a fixed period ( 3.6d m ), which are 

arranged as centrosymmetric distribution (the symmetrical central nano-gratings are shared by 

two adjacent sectors). Each sector has 18 and 8 nano-gratings in the middle and top 

metasurface layers respectively. The whole structure contains two functional regions for the 

operating wavelengths 0.521 m  and 0.585μm by deploying the middle HDG array with 

the widths 1 0.04w m and 0.16μm at the corresponding interleaved sectors. The first 

functional region is designed as the focusing lens for 0.521 m  . The required phase shift 

distribution of outgoing electromagnetic wave along x direction for realizing focusing 
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function relies on the phase profile [13]: 

                        2 2( ) 2 / 2x f f x + m                          (3) 

Here 50f m is the focus length, 0.521 m  is the operating wavelength, x is the distance 

from the center of the lens, and 0, 1, 2m     represents the girdle number. The phase 

profile is implemented by choosing the corresponding widths of RDG at each point from Fig. 

2(e). Besides, we present a part of the actual phase dispersed distribution and ideal phase 

profile curve in Fig. 3(a). The actual phase dispersed distribution can fit to the ideal phase 

curve and support the phase profile of the focusing function. The second functional region is 

designed as the deflecting refractor for 0.585 m  , and the requisite phase profile can be 

expressed as [19]: 

( ) 2 ( ) / 2x xsin + m                             (4) 

Where
010  is the deflecting angle, 0.585 m  is the operating wavelength, and x is the 

distance from the left edge of the refractor. We have also plotted a part of the actual phase 

dispersed distribution and the ideal phase profile curve to achieve the deflecting function in 

Fig. 3(b). Moreover, the actual dispersed phases for 0.521 m  and 0.585μm are arranged 

as the interleaved distribution along x position to implement both focusing and deflecting 

functions. 

3. Simulation of designed component and discussion  

The finite-difference time-domain (FDTD) method is adopted as the main way to 

simulate the proposed device. When the TM-polarized plane electromagnetic wave (along the 

x direction) is launched normally to the designed structure, only the wave at the resonant 

wavelengths of the FP cavity can pass through it. As shown in Fig. 4(a), which is the 

transmission spectrum response of the designed structure, only two Lorentzian shaped peaks 

exist at 0.521μm and 0.585μm in the spectral range from 0.5μm to 0.65μm. The transmittances 

for 0.521 m  and 0.585μm are about 0.34 and 0.35 respectively, which are not large 

enough due to only a half of the whole areas for each concerned functional region. But we can 

adjust the transmittance of emitted wave at the resonant wavelengths by manipulating the 

proportion of the functional regions in the whole structure. Furthermore, the emitted wave at 

the resonant wavelength 0.521 m  can be focused on a spot as shown in Fig. 4(b). The 

focus spot is about 51.25tf m away from the central of the middle metasurface layer with a 

numerical aperture (NA) of 0.58 (the actual focus length is 50.301tf f g m   , here

0.949g m is the distance between the middle and top metasurface layers). In Fig. 4(d), we 
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Fig. 4. (a) The transmission spectrum response of the designed structure. When the period of the interleaved 

sectors are fixed at 3.6d m , the far field intensity distributions for the resonant wavelengths (b) 0.521 m 

and (c) 0.585 m  . (d) The cross section of the achieved focus spot along x direction for 0.521 m  . (e) The 

far field angular spectrum of the structure as the deflector for 0.585 m  . 

present the normalized intensity peaks in the cross section of focus spot along x direction. A 

sharp highest peak exists at the position 0x m , representing most of the wave is focused on 

the point. The full width at half maximum (FWHM) of the intensity peak is 0.47μm close to 

the diffraction limit ( 0.514 /FWHM NA ). However, there are two lower peaks at

4.5x m  , which is the diffraction sidelobes due to the periodical sectors. The efficiency 

for focusing function is defined as the energy flow ratio of the focal spot area to that passing 

through the structure for 0.521 m  . The energies are achieved through integrating the 

field intensities of the focal spot and the whole region along x direction respectively, then we 

will achieve the focusing efficiency 21.8%f  . Figure 4(c) presents the far field intensity 

distributions for the resonant wavelengths 0.585 m  . The normal incident electromagnetic 

wave has the anomalous deflection phenomenon. A detailed evaluation of the deflection 

effect can be obtained through the angular spectrum of the far field in Fig. 4 (e). As expected, 

the maximum angular spectrum peak is localized at the angle of 10
0
. Similarly, according to 

the integration method, we can obtain the deflecting efficient 29.6%r  , which is the 

energy flow ratio of designed deflection angle to that passing through the structure for

0.585 m  . Besides two symmetric lower peaks exist on both sides of the highest peak, 

due to the diffraction effect of the periodical sectors. The deflection angles can be treated as 
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an envelope as dotted line described in the angular spectrum. Therefore, both the focusing and 

deflecting functions can be achieved through our designed component. In addition, the 

focusing and deflecting at two separated resonant wavelengths 0.521 m  and 0.585μm 

rarely interfere with each other, which represents a low-crosstalk characteristic of the 

designed component. 

 

Fig. 5 When the periods of the interleaved sectors are random, the far field intensity distributions of the resonant 

wavelengths (a) 0.521 m  and (b) 0.585 m  . (c) The cross section of the achieved focus spot along x 

direction for 0.521 m  . (d) The far field angular spectrum of the structure as the deflectors for 0.585 m  . 

The interleaved sectors with fixed period will cause the diffraction sidelobes as shown in 

Fig. 4(d)(e), which may be detrimental to the performance of the component. It is necessary to 

optimize the structure to reduce the diffraction effect. The diffraction phenomenon can be 

effectively reduced by the destruction of periodicity. Then we will replace the fixed period of 

the interleaved sectors with random periods (the value of period d is non-uniform) for 

diminishing the diffraction sidelobes. Figure 5(a)(b) present the far field intensity 

distributions of the component at the resonant wavelengths 0.521 m  and 0.585μm, when 

the periods of the interleaved sectors are random. The focusing function and the deflecting 

function can also be realized very well. Corresponding cross section of the focus spot along x 

direction for 0.521 m  and the far field angular spectrum for 0.585 m  are presented in 

the Fig. 5(c)(d). The focusing and deflecting efficient can reach 19.4%f  and 26.2%r  . 
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We can see that the field intensity value of diffraction sidelobes is reduced, and the contrast 

between the main peaks and the diffraction peaks is improved obviously. Therefore, the 

diffraction effect is suppressed effectively.  

As a final remark, it is noteworthy that there are some practical routes to fabricate the 

component depicted above. Next, we will show one route here as an example. The 

wavelength-controlled metasurface component can be implemented on a silicon dioxide (SiO2) 

substrate by modern nanofabrication and deposition technology. Firstly, we can choose 

electron beam evaporation (EBE) to deposit the lower-DBR layer formed by 4 pairs of TiO2 

and MgF2 layers. Then on the DBR layer, the nano-grating patterns of the middle metasurface 

layer will be defined by electron beam lithography (EBL) and lift-off techniques [33, 34]. 

Next MgF2 is deposited to fill the gaps between nano-grating and planarized by chemically 

mechanical polishing (CMP) [35]. Through the similar processes, we can obtain the 

upper-DBR layer and top metasurface layer.  

4. Conclusion 

In summary, we present an approach to achieve shared-aperture multifunctional optical 

component with low-crosstalk characteristic based on DBR-metasurface-DBR-metasurface 

structure. Research results indicate that the middle metasurface with two DBRs work as a 

tunable FP cavity and the top metasurface layer can control the wavefront of outgoing 

electromagnetic wave. The wave at desired wavelengths can be selected through the tunable 

FP cavity and manipulated by the top metasurface layer. A metasurface component composed 

by the amounts of the interleaved sectors with fixed period is exhibited. Through simulation 

calculation, the electromagnetic wave at the resonant wavelength 0.521 m  can be focused 

on a spot ( 51.25tf m ) by the designed component, while it can also deflect the wave at 

0.585 m  to the desired angle (
010  ). Furthermore, the realized focusing and 

deflecting functions will not interfere with each other. Therefore, the designed component can 

realize multiple functions and possesses low-crosstalk characteristic. For better performance, 

we have improved the design to suppress the diffraction effect for light focusing and 

deflecting with smaller sidelobes by replacing the fixed period of the interleaved sectors with 

random periods. This work provides an effective solution for achieving wavelength-controlled 

metasurface, which may have the potential applications in integrated optical systems.  
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