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Top: Sketch of the immersion metalens with ultra-high numerical 
aperture (left), with SEM micrograph detail (right) showing the high 
aspect ratio of each crystalline silicon nanobrick. Bottom: Scanning 
confocal microscope using the oil immersion metalens for imaging (left), 
and image of a target sample obtained with the immersion metalens in 
scanning mode (right). Inset shows an SEM image of the target sample, 
which consists of silicon triangles on a glass substrate.
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 Silicon Metalens with Ultra-High 
Numerical Aperture

M etalenses focus light using subwave-
length artifi cial nanostructures. Such 

ultra-thin lenses, made with titanium diox-
ide, gallium nitride, and silicon nitride, have 
already exhibited impressive optical perfor-
mance in the visible regime, with a lack of 
spherical aberration and near-unity numeri-
cal aperture (NA).1,2 Obtaining NA values 
higher than 1, however, requires immersion 
liquids to increase the background refractive 
index—and, at this point, metalenses lose 
their ability to focus light due to the reduced 
index contrast.3 How can metalenses achieve 
ultra-high NA?

In 2017, we introduced crystalline silicon 
as a promising material for metalenses, even 
in the visible regime, and demonstrated high 
NA and high transmission.4 We implemented 

a geometrical-phase approach, with “nano-
bricks” arranged in a spherical-aberration-free 
phase profi le, and designed a metalens with 
NA = 0.98 in air. Due to the high refractive 
index of the crystalline silicon, this metalens 
can be further front-immersed into immer-
sion oil to achieve an ultrahigh NA of 1.48 
experimentally and 1.73 theoretically on a 
sapphire substrate—the highest NA in the 
visible regime ever reported for a metalens.5

Our work highlights several exciting aspects 
of metalenses. These lenses can achieve diff rac-
tion-limited operation even for an ultra-high 
NA of 1.48; can perform competitively com-
pared with conventional objective lenses 
in the scanning imaging mode; and can be 
made in silicon, so they are CMOS compat-
ible. Using a hybrid optimization algorithm 

for the design, with a target 
function that emphasizes both 
phase fi delity and high trans-
mission, we have also shown 
that the best crystalline silicon 
nanobrick arrangement can 
reach high transmission val-
ues comparable to those made 
in dielectric materials such as 
titanium dioxide. The work 
thus validates sophisticated 
computational optimization 
as an eff ective tool for nano-
structure design.

We envision that this design 
will push metasurfaces into 
practical applications such 
as high-resolution, low-cost 
confocal microscopy and ach-
romatic lenses. OPN


