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Supplementary information

Design and simulation

All numerical simulations are carried out using microwave studio commercial software based
on the finite integration method from Computer Simulation Technology (CST). GaN
nanopillars and inverse structures are chosen as building blocks with high refractive-index and
low loss. For the structural optimization of GaN nanostructures, the unit cell boundary
condition is utilized by evaluating their transmission spectra and phase shifts. The perfectly
matched layer and periodic boundary condition are plotted as the x- and y-directions,
respectively, to estimate the focal length of the designed metalens. The refractive index of GaN

is obtained from reference 1.

Fabrication

The fabrication processes of the metalens arrays are described as follows. A double-sided
polished sapphire substrate oriented along a c-axis [0001] direction is first prepared for the
processes. An 800-nm-thick undoped GaN epitaxial layer is subsequently grown on the
sapphire substrate by metal-organic chemical vapor deposition (MOCVD). During the growth
process, high purity Hz is used as the carrier gas to transport trimethylgallium (TMGa) and NH;

to be employed as gallium and nitrogen precursors, respectively.

After the growth of undoped GaN on the sapphire substrate, 400 nm of SiO- is deposited as a
hard mask layer by using plasma-enhanced chemical vapor deposition (PECVD). Diluted ZEP-

520A (ZEP-520A : ZEPA = 1:3), as a positive tone electron-beam resist, is then spin-coated

onto the prepared substrate (5000 rpm, 90 seconds) and baked on a hot plate (3 minutes, 180°C)
to form a 150-nm resist layer. The achromatic metalens arrays are defined by the exposure of
an Elionix ELS-7000 electron-beam lithography system at a 100-kV acceleration voltage with
a beam current of 100 pA. The structure profile of the metalens arrays in the exposed substrate

is revealed after the development process in ZED-N50 for 5 minutes, followed by rinsing with
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IPA for 10 seconds and drying under a dry N, stream. Next, 40 nm of Cr layer is applied by an
electron-gun evaporator as a hard etching mask layer . After the lift-off process in a solution of
N,N-dimethylacetamide (ZDMAC), the patterns are transferred to the 400-nm-thick SiO; hard
mask layer by reactive ion etching (RIE) performed at a plasma power of 90 W. Afterwards, an
inductively coupled-plasma reactive ion etching (ICP-RIE) system with BCls/Cl, chemistry is
utilized to etch the sample with the patterned SiO; hard mask layer. The ICP-RIE system is
operated at a radio frequency of 13.56 MHZ with an ICP source power of 700 W and a bias
power of 280 W. Finally, the sample can be obtained after removing the patterned SiO; hard

mask by immersion in a buffered oxide etch (BOE) solution.
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Supplementary Fig. 1: Schematics of the building blocks of GaN-based achromatic
metalenses. Two types of building blocks with a height of 800 nm are used: inverse and solid
structures. The lattice constant p is 120 nm. Different combinations of feature sizes, Wg, Lsg,
W5 and Lp, are considered to satisfy the different phase requirements of achromatic metalenses

elaborated in Supplementary Table 1.



Supplementary Table 1: Feature sizes of GaN nanostructures.

Inverse GaN structures

Lg (nm) Wg(nm) Phase Compensation(°)
125 50 1080
140 60 1110
163 80 1080

Solid GaN nanopillars

Lp (nm) Wp (nm) Phase Compensation(°)
165 110 1050
165 100 1020
155 95 990
150 90 960
145 85 930
140 80 900
140 75 870
135 70 840
135 65 810
130 60 780
125 55 750
115 50 720
95 50 690
80 45 660
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Supplementary Fig. 2: Experimental verification of achromatic metalens array. a, Optical
image of the fabricated achromatic metalens array with NA =0.2157. Scale bar: 300 um. b,
Optical image of single achromatic metalens. Scale bar: 5um. ¢, SEM image of single
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achromatic metalens. Scale bar: 5um. d, Zoomed-in SEM images at the boundary of nanopillars
and inverse GaN-based structures. Scale bar: 1um.
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Supplementary Fig. 3: Experimental verification of a single achromatic metalens. a,
Experimental setup for focusing behavior characterization. b, Experimental focusing behavior
of achromatic metalens with NA of 0.2157 at various incident wavelengths. The white dashed
line indicates the focal plane at 49 um. ¢, Measured focal length. d, Operation efficiency. e,
Full width at half maximum (FWHM) of light profile. Error bars are the standard deviation of
the measured efficiencies from different metalenses of the achromatic metalens array. The
intensity pattern after the metalens is recorded step by step along the propagation direction with
a step of 1 um. The efficiency is defined as the ratio of the power of the circularly polarized
light to that of the incident light with the opposite handedness. All points and error bars
represent the mean and standard deviation of experiments results.
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Supplementary Fig. 4: The MTF curves of the theoretical diffraction-limit and
achromatic metalens at three wavelengths (400 nm, 540 nm and 660 nm). The MTF curves
are calculated by using the Fourier transform of the point spread function (PSF).



Commercial

cameralens | p j/4 Metalens N4 LP
6.5mm 6.5mm Objective _ _ _ _ _ array _ _Objective
8.5mm c <> E <> B : :
e 4B =1C g Sl e
0 ~o i = g .
" i(—,,-4’43.1 cm DSLR Camera
e Nikon 7500
PP 52.8 cm
———  653cm
- - ’
- ‘ ,’
N
! Objective Objective Metalens array
Image . . .
9 Sensing  Gaussian lens formula :
plane plane
1 1 1
> > a b fimetaiens
NA 0.21 i . .
7.5x > LP : Linear polarizer
' : A4 : Quarter-wave plate

Supplementary Fig. 5: Schematic layout of focused light field microscopy with achromatic
metalens array. A halogen lamp is used as the broadband light source to illuminate the target
object. Circularly polarized light is generated by a linear polarizer and a quarter-wave plate. An
objective (7.5x magnification, NA = 0.21, Mitutoyo) is used to collect the light on the
achromatic metalens array, and another objective (20x magnification, NA = 0.4, Mitutoyo) is
used to form the reimaging image from the achromatic metalens array on the camera (Nikon
7500). The position of the metalens array for the focused light field follows the Gaussian lens
formula: 1/a+1/b=1/f, where f is the focal length of a single metalens, and a and b are the
distance from the main lens image plane to the metalens array and the distance from the
metalens array to the reimaging plane, respectively.
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Supplementary Fig. 6: Schematic layout of focused light field microscopy with achromatic
metalens array for the scene showing Earth, a rocket and Saturn. A white light LED source
is used as the broadband light source to illuminate the target object. The rocket is set as the
linear moving target with constant moving velocity of 1 cm/s and mounted on a linear stage
(ODL220/M, Thorlab) with a resolution of 2 pm.
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Supplementary Fig. 7: Schematic layout of focused light field microscopy with achromatic
metalens array for the lateral resolution test. A 1951 USAF resolution test chart is placed in
front of the achromatic metalens array. The h halogen lamp used as the broadband incoherent
light source is collimated by an objective (7.5x magnification, NA = 0.21, Mitutoyo) to
illuminate the resolution test chart. The feature sizes of the grating structures on the resolution
chart are from 2000 pm to 0.55 um. The image of the resolution chart is projected to the
achromatic metalens array. Another objective (20x magnification, NA = 0.4, Mitutoyo) is used
to relay the image information passing through the achromatic metalens array to the camera

(Nikon 7500).
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Supplementary Fig. 8: The rendering algorithm for focused light field imaging with
different patch sizes for different depths of focus. a, Near object. b, Distant object.
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Supplementary Fig. 9: Depth estimation algorithm. The depth information is obtained from
the disparities (or cross correlations) between neighboring subimages.
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Supplementary Video 1: A real-time depth map video of the scene of the combination of
Earth, a rocket and Saturn. The rocket is moving towards Saturn. a, The rendered video

refocusing on the rocket. b, Corresponding depth map video of a.
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