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Simulation 

The Lambertian intensity profile is mimicked based on an interface between two different media 

(Figure S1). The LED source depicted in Figure S2 is composed of 3 x 3 points sources, and each point 

source is identical to the description in Figure S1a. The distance from the interface shown in Figure 

S1a to the ML is 10 μm, so the point source is 10.04 μm away from the ML. FDTD simulation results 

using Lumerical FDTD are recorded by the monitor. Then, the recorded electric field data is imported 

to VirtualLab Fusion as light sources, and the far field simulation is calculated. The substrate consists 

of fused silica and the thickness of the substrate is 500 μm. Because the LED source is incoherent and 

the interference is neglected, only one point source is used for each simulation. Then, the complete 

result is merged using incoherent summation of the amplitudes of each simulation result. Therefore, 

the simulation should be iterative except the position of the point source, and the number of the 

iteration is the same as the number of the points sources. Because the system is symmetrically designed, 

the number of iterations can be reduced by rotating other results. Figure S3 shows the difference when 

a single point source and 3 x 3 points sources are used. The result from the single point source has the 

lower intensity profile. In addition, Figure S4 shows the simulated results from the narrowband source 

(λ = 560 nm) and broadband source with the bandwidth of 120 nm (500 ≤ λ ≤ 620 nm)are similar. 

 

 

Figure S1. Description of a point source with Lambertian intensity profile: (a) Schematics; (b) The Lambertian 

(black line) and simulated (red line) intensity profiles.  



 

Figure S2. Schematics of the simulation in this work: (a) The simulation from the LED source to the monitor is 

carried out using Lumerical FDTD. The far field simulation from the monitor to the detector is conducted using 

VirtualLab Fusion; (b) Distribution of the 3 x 3 points sources. 

 



 

Figure S3. Comparisons of the simulated results calculated from a single point source and 3 x 3 points sources. 

 

 

Figure S4. Comparisons of the simulated results with a narrowband source at λ = 560 nm and broadband source 

at 500 ≤ λ ≤ 620 nm. 

 

 

  



Theoretical basis for Equation 3 

The typical MLs with φt imitates only L1 shown in Figure S5, so the transmitted light is collimated. 

Meanwhile, the MLs with φm considers the effects of both L1 and L2 shown in Figure S5 to diverge the 

transmitted light to the target detection angle region. The description shown in Figure S5 considers 

each corresponding ML to the point source. The focal length of L2 fL2 varies depending on the size of 

the concave lens and the target detection angle, so fL2 is obtained by  
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Therefore, the first and the second terms of Equation 3 originate from L1 and L2, respectively.  

The gradients of φt and φm are expressed as 
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respectively. As r infinitely increases, the gradient of φt converges to -2π/λ but the gradient of φm 

converges to 0. Thus, φm is not depicted as a hyperbolic curve unlike φt and not described as a phase 

profile of the typical ML with a different focal length. 

 

 

Figure S5. Description of the effect of the ML with φm explained by geometrical optics.  

 

  



Good adhesion of nanohole meta-atoms 

Nanohole structures provide better adhesion than those of nanofin structures (Figure S6) because the 

dense material is continuously connected. The nanostructures shown in Figure S6 are composed of a-

Si and fabricated by electron-beam lithography. 

 

 

Figure S6. Good adhesion of nanohole meta-atoms: (a) a-Si nanostructure composed of nanofin meta-atoms; (b) 

a-Si nanostructure composed of nanohole meta-atoms. Scale bar: 1 μm. 

  



Meta-atoms and RCWA simulation 

Both circle and square nanohole meta-atoms provide the same tl and ts (Figure S7). The transmission 

properties are calculated by RCWA simulation with the TiO2 meta-atoms with height of 400 nm. Thus, 

the ML composed of the circle or square meta-atoms is polarization insensitive. In addition, Figure S8 

shows the TiO2 ML with φt can collimate the spherical wave emitted from the point source well. The 

result is calculated by FDTD simulation and implies that the designed meta-atoms work under the 

spherical wave incidence even though they are designed by RCWA under the plane wave incidence.  

 

 

Figure S7. Comparison of tl (solid line) and ts (circle dot) of TiO2 meta-atoms: (a) Circle nanohole meta-atoms; (b) 

Square nanohole meta-atoms. 

 

 

Figure S8. Simulation result of the collimation using the TiO2 ML with φt. The focal length is 3 μm. The phase is 

plotted instead of the intensity, because the intensity at the point source is extremely larger than that at the other 

area. 



Detection angle 

The intensity within the detection angle of α is measured by the total intensity in the area where the 

propagation angle within α (Figure S9). Therefore, the intensity at α = 0° is the intensity at the center 

of the LED, and the intensity within α = 10° contains the intensity at the center. 

 

Figure S9. Measurement of the intensity within a detection angle of α. α = 0° or 10° and l = 25 m. 

  



Comparison of performances 

The performances of the MLs are shown in table S1 and compared with the previously reported data. 

The enhancements of the intensity using the MLs are numerically calculated, and the cases are 

suggested as ideal situations. Thus, the performances of the MLs are relatively higher than those of 

the others. In addition, the enhancement within the detection angle of 10° is not reported. 

 

Table S1. Comparison of enhancement of intensity from LED sources of the previously reported results. 

Method Enhancement at α = 0° Enhancement within α = 10°  Reference 

Microlens array 219%  [1] 

Surface roughening 159%  [2] 

Patterned substrate 52%  [3] 

Surface plasmon 330%  [4] 

Surface plasmon 1,300%  [5] 

Surface plasmon 1,000%  [6] 

TiO2 metalens with φt 8,551% 234% This work 

TiO2 metalens with φm 4,973% 263% This work 

a-Si metalens with φt 2,115% 5% This work 

a-Si metalens with φm 2,013% 30% This work 
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