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Abstract

:

In the propagation phase of a dielectric metasurface, there are two important problems. Firstly, the range of transmittance of the nanopillars for a building metasurface is usually between 60% and 100%, which reduces the metasurface’s overall transmittance and affects the uniformity of the transmitted light. Secondly, the realistic phase provided by the nanopillar cannot be matched very well with the theoretical phase at each lattice location.The phase difference (between a realistic phase and theoretical phase) may reach tens of degrees. Here, we propose an interesting method to solve these problems. With this new method, a metalens is designed in this paper. The nanopillars for building the metalens have transmittance over 0.95, which increases the metalens transmittance and improves the light uniformity. In addition, with the new method, the phase differences of all elements in the metalens can also be reduced to be below 0.05°, decreasing the metalens spherical aberration dramatically. This method not only helps us to optimize the metalens but also provides a useful way for designing high-quality metasurfaces.
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1. Introduction


Unlike classical convex microlenses based on glass refraction [1,2,3], the metasurface has nanoscale size, better imaging quality and flexible interfacial phase modulation capability. These characteristics make the metasurfaces have great information capacity and can be highly integrated in future optoelectronic systems. Due to these advantages and its potential perspectives, metasurface technology has been an intriguing topic in recent years [4,5,6,7,8,9,10,11,12,13,14,15,16,17]. The metasurfaces usually consist of subwavelength nanoantenna arrays. The arrays are used to precisely tailor the amplitude, phase, and polarization of light. Based on these optical responses, many metasurfaces applications can be developed. A lot of achievements have been obtained in the metasurface study, such as beam deflection [18,19,20,21,22], holographic imaging [23,24,25,26,27], vortex beams [28,29,30], polarization conversion [31,32,33] and so on. In the numerous metasurface research directions, one kind is to control the light wavefront based on the nanopillar transmission phase [34,35,36,37,38,39]. In this direction, the propagation phase should be equal to the desired value calculated with the element position and design metasurface parameters. By controlling the geometrical parameters of the nanopillars, the propagation phase modulation can cover the 2 π  full range and then fully manipulate the light properties.



However, there are two problems in the actual design for the propagation-phase metasurfaces. One of them is that the range of transmittance of the nanopillars for building a metasurface is usually between 60% and 100%, and the low of transmittance of the nanopillar unit reduces the overall transmittance of the metasurface. Building a metasurface component requires a large number of nanopillars of different sizes. Since the light traveling through nanopillars is in a resonant manner, the different sizes of nanopillars will make their transmittance different. Hence, the nanopillar transmittance usually covers a wide range. This phenomenon will reduce the metasurface transmittance and affect the uniformity of its transmission light. To solve this problem, the metasurface is usually constructed by the nanopillars with transmittance above a specific threshold, abandoning the nanopillars with low transmittance [40,41,42,43,44,45,46,47,48]. In this way, the problem has been somewhat improved. Nevertheless, the thresholds in these works were 0.6, 0.7, 0.85, 0.9, 0.94, and so on, which can be further improved. In addition, this method abandons a lot of nanopillars, which means that the number of phases that the nanopillars can modulate is dramatically reduced. Thus, the approach will further amplify the phase difference of the next problem (see later for details).



The second problem is that the desired phase (DP) calculated with the designed parameters (e.g., the position coordinates and focal length) cannot be matched very well with the realistic phase modulated by the nanopillar. The phase difference (between the realistic phase and desired phase at each lattice location) may reach tens of degrees. As we know, the modulation phase is discretized in the actual design, which means that the propagation phase cannot contain all values from 0 to 2 π . On the other hand, the metasurface meta-atoms are regularly distributed, which results in a fixed location for each element. In this way, calculated with the position and design metasurface parameters, the desired phase shift induced by an element becomes constant. Thus, the desired constant phase of an element should be matched with a value selected from the discretized propagation phase. In this case, there must be a difference between them. Usually, the difference is not negligible and will affect the metasurface properties. Although it is significant for metasurface research to reduce the phase difference, there is little discussion of this problem. Xie et al. produced a perfect vortex beam using a propagation phase dielectric metasurface [49]. In this paper, the difference between the actual and theoretical phase was explicitly mentioned to be controlled within 3.5°.



In this paper, we firstly propose and demonstrate an optimization method to solve these problems. First of all, to further improve the first problem, the threshold transmittance of the nanopillars is set to be 0.95 in this work. To our knowledge, this threshold value is the largest one compared with that of published works [40,41,42,43,44,45,46,47,48]. This enables the metasurface to have higher transmittance and more uniform light field distribution. Secondly, we propose and use a method to correct the difference between the DP and the nanopillar propagation phase. As we know, the DP of an element is calculated with the position and metasurface parameters. Thus, we can finely adjust the DP by slightly changing the position. Then, the DP can be matched very well with the propagation phase by selecting an appropriate nanopillar. We have developed a process for making such an optimized metalens and analyzed the effect of phase difference on the metalens. The analysis shows that the metalens performance is improved dramatically with this method, including the meta-atom phase differences, transmittance, and the metalens spherical aberration. This work should provide a new method to design and fabricate a metasurface with greater properties, and the method can be widely used in the metasurface field.




2. The Optimization Methods of Nanopillars


In this section, we will demonstrate the proposed method in detail. In a nutshell, our method is to further increase the transmittance threshold and sharply decrease the phase difference. We will increase the threshold in a common way, by specifying that all used nanopillars should have a transmittance of over 0.95. In contrast, we will decrease the phase difference by finely adjusting the placement position of the nanopillar.



In the usual metasurface design, by changing the length and width, many nanopillars are simulated, and the relevant data are obtained. Then, a database table is established with the simulated results. In this table, every nanopillar with a certain length and width has a corresponding transmittance and propagation phase. Based on the database table, a metasurface component can be designed as follows. Firstly, a substrate is established, and its surface is divided into a number of unit cells. Then, the desired shift phase at every unit cell center is calculated. Taking a metalens design as an example, the desired phase    φ  D P    (  x c  ,  y c  )    should satisfy the following equation.


   φ  D P    (  x c  ,  y c  )  =   2 π  λ   (      x c   2  +    y c   2  +  f 2    − f )  .  



(1)




where f,  λ  are the metalens focal length and the light wavelength, respectively, and   (  x c  ,  y c  )   are the two-dimensional coordinates of a unit cell center. Next, compared with the calculated desired value, the nearest propagation phase (NPP, represented as    φ  N P P    (  x c  ,  y c  )    ) is selected from the database table. In the end, the nanopillar corresponding to the selected    φ  N P P    (  x c  ,  y c  )    is put on the substrate surface at the position   (  x c  ,  y c  )  . In this way, the metasurface component can be established (details seen in Figure 1a,b). The above process is the common way to design a metasurface component. In this method, the transmittance recorded in the database is in a wide range (almost full 0–1 range in this paper), and the recorded propagation phases are discrete and finite. The wide-range transmittance damages the overall metasurface transmittance and the light uniformity. Moreover, the DP at a unit cell center is constant because of the fixed   x c  ,   y c  , f and  λ . Thus, there must be a non-negligible difference between the DP and the recorded discrete phases at many unit cell locations.



Different from the ordinary way, before the database table is established with the simulated results, the data with a transmittance of below 0.95 are deleted. Therefore, the nanopillars used to build the metasurface have higher and more uniform transmittance. On the other hand, the placement position of the nanopillar is no longer fixed at the unit cell center here. As shown in Figure 1d,e, a position search area is delineated in the middle of each unit, and the nanopillar position is finely tunable in this area. In our method, during the metasurface component design, the phase difference (  Δ  φ  c , c   =  |  φ  N P P    (  x c  ,  y c  )  −  φ  D P    (  x c  ,  y c  )  |   ) at the unit center is calculated firstly. If   Δ  φ  c , c   < 0.05  °, the corresponding nanopillar will be built at the unit cell center. Otherwise, the nanopillar position will be finely adjusted in the delineated area to reduce the phase difference. The detailed operations are shown as follows. (I) The delineated position search area is divided into   n × n   regions (e.g., n = 30). (II) The coordinates of the regions are defined as   (  x i  ,  y j  )  , as shown in Equations (2) and (3). In the equations,   i , j ∈ ( 1 , n )   are integers, and   Δ v   is a parameter to demarcate the border of the delineated area. Considering the actual manufacturing resolution, and avoiding overlap of the nanopillars, the   Δ v   should be set at an appropriate value. (III) After setting the i and j values, the phase difference   Δ  φ  i , j   =  |  φ  N P P    (  x i  ,  y j  )  −  φ  D P    (  x i  ,  y j  )  |    is calculated. If   Δ  φ  i , j   < 0.05  °, the corresponding nanopillar will be built at the position   (  x i  ,  y j  )  . Otherwise, i or j will be changed with a step of 1, and the III process is repeated. (IV) In case none of the   n × n   regions satisfy   Δ φ < 0.05  °, one of the following actions will be performed. (i) Repeat the above steps after increasing   Δ v  . (ii) Repeat the above steps after increasing n. (iii) The region with the minimum   Δ  φ  i , j     will be selected, and the corresponding nanopillar will be built at this position. These four processes will be repeated at every unit to reduce the phase difference.


   x i  =  (  x c  − Δ v )  + 2 Δ v   ( i − 1 )   ( n − 1 )    



(2)






   y j  =  (  y c  − Δ v )  + 2 Δ v   ( j − 1 )   ( n − 1 )    



(3)








3. The Optimization Results


With the newly proposed method, we develop the design process of an optimized metalens and analyze the performances of the metalens. In our design, the primary unit cell consists of a SiO   2   substrate and a high-aspect-ratio TiO   2   nanofin, as shown in Figure 1g. The length and width of the SiO   2   brick are U, representing the lattice constant of the meta-atoms array. The SiO   2   substrate has a thickness of T. In addition, the structure parameters of the TiO   2   nanopillar are L, W and H. By changing L and W, the propagation phase modulation can cover the   0 − 2 π   full range. With this unit cell, a typical metalens and an optimized metalens are designed. The metalenses contain 21 × 21 unit cells and have a focal length of 6000 nm for the 532 nm light. As shown in Figure 1c, a traditional dielectric metalens is built by the traditional method. For the traditional method, we pick a regular array of subwavelength-spaced locations for the nanopillars, find the desired phase at each location, and then use the results of simulations to obtain the best nanopillar for creating that phase. However, in this metalens, the nanopillar transmittance threshold is not improved, and the phase difference is not corrected. As shown in Figure 1a, the TiO   2   nanopillars are arranged in regular arrays on the substrate. In the meantime, an optimized metalens is designed with the new method, as shown in Figure 1f. In the optimized metalens, the transmittance of all nanopillars is improved to be over 0.95, and the phase difference of that is corrected to be below 0.05°. It is evident that the positions of some nanopillars were fine-tuned on the basis of the periodic distribution. These nanopillars are put away from the unit cell center for phase correction.



3.1. The Threshold Improvement


In this subsection, we will analyze the effects of only increasing the nanopillar-transmittance threshold. The threshold-improved metalens is built as follows. Abundant nanopillars are simulated, and those with a transmittance of below 0.95 are deleted. Then, the rest of the nanopillars are used to construct the metalens with the common method. As shown in Figure 2, the threshold-improved metalens is compared with the typical metalens. Figure 2a,d shows the top view of the typical and threshold-improved metalens, respectively. Figure 2b,e are the corresponding transmittance diagrams of nanopillars placed on the metalenses. The diagrams clearly show that all nanopillars of the threshold-improved metalens have transmittance of over 0.95, which is much higher and more uniform than that of the typical metalens.



However, this method abandons a lot of the nanopillars, so the number of phases that the nanopillars can modulate is dramatically reduced. Thus, increasing the nanopillar-transmittance threshold can notably amplify the difference between the desired phase and the nanopillar propagation phase. To illustrate this disadvantage, we compare the phase difference of nanopillars between these two metalenses. According to Equation (4), the phase difference of every nanopillar is calculated, where   ( x , y )   refers to the actual coordinate of the nanopillar placed on the substrate. To make the comparison explicit, Figure 2c,f are plotted with the calculated data. Figure 2c is the phase difference of the traditional metalens, and Figure 3f is that of the threshold-improved metalens. The figures show that the phase difference of the traditional metalens is in the range of 0–1°, but the phase difference of the threshold-improved metalens is amplified to the level of 0–30°. Such a large phase difference will seriously affect the metalens performance.


   Δ φ = |   φ  N P P    ( x , y )  −  φ  D P     ( x , y )  |   



(4)








3.2. The Phase Correction


In this subsection, on the basis of improving the transmittance threshold, we will correct the nanopillar phase difference and analyze the effects of phase correction on the metalens performance. As in the previous subsection, only the nanopillars with transmittance of over 0.95 are used to build the metalens. Furthermore, the nanopillar phase difference is corrected to be below 0.05°with the newly proposed method. The relevant results are shown in Figure 2. Compared with the threshold-improved metalens (Figure 2d), the phase correction makes the metalens have an irregular nanopillar distribution (Figure 2g). As seen in Figure 2e,h, the nanopillar transmittance is also high and uniform after the phase correction. On the other hand, Figure 2f shows that the phase difference of the threshold-improved metalens is in the range of 0°–30°. However, Figure 2i presents that the phase difference is well controlled within 0.05°after the threshold-improved metalens has been phase corrected. In this way, the improved and corrected metalens has both high transmittance and low phase difference, which is named “optimized metalens”.



3.2.1. The Effects of Phase Correction on Light Track


To illustrate the advantages of the phase correction, we investigate the light tracks passing through single row nanopillars of the threshold-improved and optimized metalenses, applying the way of calculation (shown as the red dotted box in Figure 2d,g). For these nanopillars, their coordinates (x, y, 0) of actual placement and propagation phase  φ  are known. Combining with the focusing phase profile in Equation (1), the coordinates (0, 0,   z  i p   ) of the intersection point between the light ray and the optical axis can be calculated by Equation (5). Therefore, based on the nanopillar coordinates (x, y, 0) and the intersection point coordinates (0, 0,   z  i p   ), the light tracks are obtained and drawn as in Figure 3a,d. For the threshold-improved metalens, Figure 3a shows that the incident light is focused to the level of 5600–6200 nm. The light tracks of the optimized metalens are given in Figure 3d. It is observed that the incident light is focused in the range of 5992–6002 nm, which is improved by about 60 times.


   z  i p   =   π (  x 2  +  y 2  )   φ λ   −   φ λ   4 π    



(5)








3.2.2. The Effects of Phase Correction on Spherical Aberration


Based on the results of the study of the light tracks, the spherical aberration of the metalens is obtained in this paragraph. Spherical aberration is defined as a variation with aperture of the focal length or image distance, which is represented by longitudinal spherical aberration   δ  L ′    and transverse spherical aberration   δ  T ′   , respectively.   δ  L ′    and   δ  T ′    are expressed as Equations (6) and (7) in this paper, where f is the designed focal length (6000 nm), and   U ′   is the angle between the light ray and the optical axis. Figure 3b,e shows the longitudinal spherical aberration as a plot of the axial intercept location as a function of the entrance pupil radius  ρ . The value of  ρ  is calculated by Equation (8), where   R  m a x    is equal to half the length of the metalens. Figure 3c,f present the ray fan plot, which refers to the transverse spherical aberration as a function of entrance pupil radius  ρ . In these figures, Figure 3 presents the spherical aberrations of the threshold-improved metalens, and Figure 3e,f show the results of the optimized metalens. According to the results, the performances of the phase-corrected metalens are improved.


  δ  L ′  =  z  i p   − f  



(6)






  δ  T ′  = δ  L ′  tan  (  U ′  )   



(7)






  ρ = ±     x 2  +  y 2     R  m a x     



(8)









3.3. Simulation Results


After the threshold improvement and phase correction, the optimized metalens with numerical aperture (NA) = 0.57 is obtained, as shown in Figure 2. In order to demonstrate the optimization results, we compared the focusing effects between the conventional, threshold-improved, and optimized metalenses. By means of the finite element simulation, a 532 nm light beam under equal conditions is focused with these metalenses, respectively. The simulated result of the focusing energy density is shown in Figure 4a. To make a clear comparison, the data along the optical axis (the red dashed line in Figure 4) are extracted and drawn as in Figure 4b,c. In the figures, the black squares refer to the data of the traditional metalens, the red circles are those of the threshold-improved metalens, the blue triangles represent those of the optimized metalens, and the energy scale is only a relative value to compare the energy before and after optimization. At other energies, the performance of the optimized metalens will also be well improved. As seen in Figure 4c, the energy densities of the threshold-improved and optimized metalenses are at the same level, and they are much larger than that of the traditional metalens. This indicates that the threshold improvement increases the overall transmittance of the metalens obviously. On the other hand, for the optimized metalens, the energy density distribution around the peak is much more symmetrical than that of the typical and threshold-improved metalenses. These data conform to Gaussian distribution, and the corresponding Gaussian fitting converges. However, the Gaussian fitting of the data about the typical and threshold-improved metalenses does not converge. Furthermore, comparing the results between the threshold-improved and optimized metalenses, the peak value of the optimized metalens is larger than that of the threshold-improved metalens, and the values on both sides are smaller. This indicates that some light rays of the optimized metalens cluster closer to the focal point, which means that the metalens has a smaller spherical aberration. These results prove that the phase correction reduces the spherical aberration of the metalens dramatically. The simulation results are consistent with the analyses in the preceding paragraphs.





4. Conclusions


In summary, we have presented a method by optimizing the exact position of each nanopillar. This method improves the nanopillar transmittance and corrects the phase difference in the metasurface. As described above, a metalens is designed and simulated to validate the method. It can be seen that the optimized metalens has higher transmittance, lower phase differences, and smaller spherical aberrations. The method that can successfully solve the two problems mentioned in this paper is an effective way to optimize the metasurface, which can be applied to most metasurface fields: for example, chromatic aberration correction, high NA lenses, holographic imaging, etc. In order to meet the realization of more complex nanostructures, many promising fabrication techniques have been developed and incorporated into the fabrication of metasurfaces. Our method is to make improvements in the design of the metasurface; there is no problem with the fabrication technology. It is expected to be widely used in the development and application of future integrated optical systems.
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Figure 1. (Color online) The comparison schematics between the traditional and newly proposed methods. (a) The position distribution to build nanopillars in the traditional method. (b) The traditional method for designing a metasurface. The nanopillar transmittance is in a wide range, and the nanopillar placement is fixed and regular. (c) A traditional metalens designed with the traditional method. The nanopillars are regularly distributed. (d) The search area distribution to build meta-atoms in the newly proposed method. (e) The newly proposed method for designing a metasurface. The nanopillar transmittance is high and uniform, and the nanopillar arrangement is irregular. (f) The position modified metalens intended with the new approach. (g) The stereogram of the unit cell, where U = 400 nm, T = 400 nm, H = 500 nm, and    L , W  ∈ [ 50 , 250 ]   nm with a step of 5 nm. 
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Figure 2. (Color online) Comparison between the typical and threshold-improved metalenses. (a–c) The top view, nanopillar transmittance, and phase difference of the typical metalens. (d–f) Corresponding figures of the threshold-improved metalens. (g) Top view of the optimized metalens. (h) The nanopillar transmittance. (i) The phase difference. 
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Figure 3. (Color online) The effects of phase correction on the metalens performance. (a–c) The light tracks, longitudinal and transverse spherical aberrations after single row nanopillars of the threshold-improved metalens. (d–f) Corresponding results after single row nanopillars of the optimized metalens. The blue and red lines are used to guide the eye. 
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Figure 4. (Color online) The light focusing results of the metalenses. (a) The energy density of the focused light for the conventional metalens. (b,c) The energy density along the optical axis. The lines are used to guide the eye. 
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