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A light-field camera captures both the intensity and the direc-
tion of incoming light1–5. This enables a user to refocus pic-
tures and afterwards reconstruct information on the depth 
of field. Research on light-field imaging can be divided into 
two components: acquisition and rendering. Microlens arrays 
have been used for acquisition, but obtaining broadband ach-
romatic images with no spherical aberration remains chal-
lenging. Here, we describe a metalens array made of gallium 
nitride (GaN) nanoantennas6 that can be used to capture 
light-field information and demonstrate a full-colour light-
field camera devoid of chromatic aberration. The metalens 
array contains an array of 60 × 60 metalenses with diameters 
of 21.65 μm. The camera has a diffraction-limited resolution 
of 1.95 μm under white light illumination. The depth of every 
object in the scene can be reconstructed slice by slice from a 
series of rendered images with different depths of focus. Full-
colour, achromatic light-field cameras could find applications 
in a variety of fields such as robotic vision, self-driving vehi-
cles and virtual and augmented reality.

The concept of the light-field camera was first suggested by 
Gabriel Lippmann, who introduced integral photography in 
19081. Adelson proposed the plenoptic function in 19912 and 
demonstrated the plenoptic camera the following year3. In 1996, 
Levoy and Hanrahan simplified the plenoptic function from 
seven dimensions to four in a static scene with fixed illumina-
tion4. Isaksen et al. showed the capability of refocusing a light-
field camera array to captured view point images in 20007. During 
the development of light-field-imaging theory, many imaging 
devices have been produced, such as the coded aperture camera8 
and the microlens array-based camera9. Compared with conven-
tional optical imaging, light-field imaging can not only provide 
two-dimensional intensity but also enable scene reconstruction 
with refocused images and depth information10–12. The research 
on light-field imaging can be divided simply into two areas: light-
field image acquisition13–16 and image rendering17–20. Microlens 
arrays have been used for this purpose in light-field cameras; how-
ever, it is difficult to obtain broadband achromatic and low-defect 
microlens arrays without spherical aberrations. Another inherent 
disadvantage is that the diameter of a single microlens is still too 
large to achieve a feasible depth of field close to that of the natural 
compound eyes of insects.

Metalenses21–24 have successfully demonstrated excellent optical 
properties for many applications, such as imaging6, spectroscopy25 
and full-colour routing26. The combination of light-field imaging 
and a multiplexed metalens array composed of sublenses with dif-
ferent functionalities, including differences in the optical axis, focal 
length and wavelength, was proposed by Brongersma and collabo-
rators27. However, chromatic aberration is still an inevitable issue in 
metalenses for imaging applications. Achromatic metalenses using 
integrated-resonant units have recently been shown to exhibit excel-
lent aberration-free imaging capability6,28. White light images with 
a spatial resolution of 2.2 μ m and full-colour imaging obtained by a 
50 μ m diameter GaN achromatic metalens have also been reported6. 
The inherent advantages of the achromatic metalens are freedom 
from spherical aberration, long depth of field, light weight and 
compact size. In this paper, we implement light-field imaging with a 
compact and flat GaN achromatic metalens array to capture multi-
dimensional light-field information. Our experiment used a 60 ×  60 
array of GaN achromatic metalenses with individual diameters 
of 21.65 μ m. The spatial scene can be reconstructed slice by slice 
from a series of rendered images with different depths of focus. The 
depths of every object in the scene are determined, which further 
demonstrates the feasibility of velocity measurement.

A schematic of focused light-field imaging with an achromatic 
metalens array is presented in Fig. 1a, which shows how recon-
structed images with different depths of focus can be rendered from 
the subimages captured from the sensing plane. The ability to elimi-
nate the chromatic aberration of our metalens is related to the intro-
duction of phase compensation to metalenses6. Solid and inverse 
GaN nanoantennas with different geometries, which are considered 
waveguides supporting various higher-order modes, are arranged 
on a sapphire substrate to achieve the phase compensation require-
ments. Among the feasible dielectric materials for metalenses 
reported previously, GaN shows the advantages of having lower fab-
rication cost and higher efficiency than silicon and TiO2. A single 
achromatic metalens consists of over 9,000 GaN nanoantennas. The 
details of their structural parameters are provided in Supplementary 
Fig. 1 and Supplementary Table 1. The achromatic metalens array 
is fabricated by using standard electron-beam lithography and sev-
eral hard mask transfer and etching processes (see the Fabrication 
section in the Supplementary Information for details). The corre-
sponding scanning electron microscope (SEM) images are shown in 
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Fig. 1b–d. The top view of the fabricated metalens array shows well-
defined nanopillars and inverse structures, exhibiting great fidelity 
to our design. More details of the characteristics of the metalens, 
including the optical images, different viewpoint SEM images, 
focal length, efficiency and full-width at half-maximum, can be 
found in Supplementary Figs. 2 and 3. By design, the focal length 
maintains the same value at different wavelengths from 400 nm to 
660 nm, realizing broadband achromatic properties in the visible 
region. The highest efficiency can be up to 74.8% ±  2.6% at a wave-
length of 420 nm, whereas the average efficiency is approximately 
39.1% ±  1.8% over the whole working bandwidth. 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. The incon-
sistency in efficiencies for different wavelengths can be attributed to 
the fluctuation in efficiency in each building block, the numerical 
aperture of the metalens and the intrinsic loss of GaN29. The varia-
tion in the efficiency leads to a slight colour cast. However, this cast 
can be corrected by complementary metal–oxide–semiconductor 
sensors or the colour balance algorithm after capturing images6. To 
verify the resolving power of our imaging system, the modulation 
transfer function was also calculated, as shown in Supplementary 
Fig. 4. The achromatic metalens array forms various subimages with 
four-dimensional radiance information from each metalens at the 
sensing plane. The position of the achromatic metalens array for 
focused light-field imaging follows the Gaussian lens formula:

+ =
a b f
1 1 1

(1)
metalens

where fmetalens, a and b are the focal length of a single metalens, 
the distance from the main lens image plane to the achromatic  

metalens array and the distance from the metalens array to the 
sensing plane, respectively.

Figure 2a shows the focused light-field image captured by a 
digital single-lens reflex camera with an achromatic metalens 
array from three objects (letters) in an orderly arrangement with 
halogen lamp irradiation (purple C, green B and yellow A). The 
experimental setup used for focused light-field imaging is shown in 
Supplementary Fig. 5. The distance from the main lens image plane 
to the metalens array and the distance from the metalens array to 
the sensing plane are 300 μ m and 58.5 μ m, respectively, which are 
determined by the apertures of the metalens, the sensor pixel size 
and the depth range of the scene. The heights of all objects in this 
scene are 7.5 mm. Figure 2a consists of 55 ×  40 subimages show-
ing the different perspectives of the scene. An individual subimage 
comprises 87 pixels. A part of the inverted image of letters in the 
subimages can be observed in Fig. 2b,c, which shows a portion of 
Fig. 2a on the boundary between two letters. The quality of every 
subimage is clear and easy to distinguish. The rendering algorithm 
for constructing the scene, described in Methods, can arbitrarily 
render the images with different focusing depths. Figure 2d–f shows 
the reconstructed images at focusing depths of 48.1 cm, 52.8 cm and 
65.3 cm, respectively. The checkerboard effect artefacts (the blurry 
characteristics of the reconstructed image) found on the other non-
focused objects are features of focused light-field imaging.

The scene in Fig. 3 consists of three objects (Earth, a rocket and 
Saturn made of paper) at different depths. Figure 3a–c shows the 
rendered images focused on the rocket at depths of 50 cm, 54 cm 
and 66.5 cm, and Fig. 3d–f shows the corresponding estimated 
depth maps. The focused light-field-imaging setup is shown in 
Supplementary Fig. 6. The Earth-to-achromatic metalens array and 
Saturn-to-achromatic metalens array distances are fixed at 49.5 cm 
and 67 cm, respectively. The rocket is set as the linear moving target 
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Fig. 1 | Light-field imaging with a metalens array. a, Schematic diagram of light-field imaging with metalens array and rendered images. An objective 
is used to collect the circularly polarized light on the achromatic metalens array and form an intermediate image in front of the achromatic metalens 
array. The achromatic metalens array consists of 60 ×  60 individual metalenses with a designed focal length f =  49 μ m, d =  21.65 μ m and numerical 
aperture 0.2157. LCP, left-handed circular polarization. b, SEM image of achromatic metalens array. c, Zoomed-in SEM image of a single metalens  
(red square in b) with nanopillars and inverse GaN-based structures. d, Tilted-view zoomed-in image of GaN nanopillars.
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with constant moving velocity of 1 cm s−1. The depth information 
can be derived from the disparities between adjacent subimages, 
and the algorithm for the depth estimation is described in Methods. 

As shown in Fig. 3d, when the rocket is next to Earth, the aver-
age depth of the rocket (49.8 cm) is close to that of Earth (49.5 cm). 
When the rocket is moving towards Saturn, its calculated depth also 

a
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c
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Fig. 2 | Characteristics of the radiance captured by the focused metalens array light-field-imaging system. a, The raw light-field image with the 
achromatic metalens array. Three letters made from plastic are arranged neatly in the intermediate image space under halogen lamp irradiation  
(purple C, green B and yellow A). b,c, Zoomed-in images of a. d–f, Rendered images with focusing depths of 48.1 cm (d), 52.8 cm (e) and 65.3 cm (f).
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Fig. 3 | Depth estimation of the scene combining earth, a rocket and Saturn. a–c, Rendered images focusing on the rocket with depths of 50 cm (a), 54 cm 
(b) and 66.5 cm (c). d–f, The estimated depth maps corresponding to images a–c. g–i, Rendered all-in-focus images with the rocket at different positions 
between Earth and Saturn.
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increases. The results clearly demonstrate that light-field imaging 
with an achromatic metalens array has the ability to evaluate the 
depths of multiple objects. A real-time display of the rendering 
images and depth maps is shown in Supplementary Video 1. More 
importantly, when the positions of multiple objects can be evalu-
ated, their relative speed can also be detected. Once obtained, the 
depth information can be used to optimize the patch sizes for differ-
ent depths and to render the refocused all-in-focus images without 
artefacts, allowing them to be regarded as an image captured from 
an infinite depth-of-field system, as shown in Fig. 3g–i.

To assess the imaging resolution limits of the achromatic met-
alens array, the 1951 United States Air Force resolution test chart, 
which shows a typical resolvable structure, is used as a target object. 
The resolution test chart is illuminated by a broadband incoherent 
light source (a halogen lamp). The optical measurement configura-
tion is shown in Supplementary Fig. 7. Figure 4a shows the light-
field image formed by the achromatic metalens array, in which each 
subimage of a single metalens unit contains the individual infor-
mation of the target object. The reconstructed image is shown in 
Fig. 4b after the rendering process. The smallest feature of objects 
that could be resolved was 1.95 μ m in linewidth (group 8, element 
1), which was identified by the Rayleigh criterion and indicates the 
precise fabrication of the achromatic metalens array.

We have shown that the light-field images acquired by an 
array of 60 ×  60 GaN achromatic metalenses with 33,660,000 
GaN resonators clearly demonstrate multidimensional optical 
information, including full-colour imaging and depth. Our work  
provides additional advantages associated with light-field imag-
ing: elimination of chromatic aberration, polarization selectivity 
and compatibility of the semiconductor process. Considering 
its flexibility, the achromatic multiplexed metalens array with 
integrated functionalities may be promising for multifocusing 
microscopy, high-dimension quantum technology, hyperspectral 
microscopy, robotic microvision, unoccupied vehicle sensing, 
virtual and augmented reality, drones and miniature personal 
security systems.

online content
Any methods, additional references, Nature Research reporting 
summaries, source data, statements of data availability and asso-
ciated accession codes are available at https://doi.org/10.1038/
s41565-018-0347-0.
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Methods
Rendering for images with different depths of focus. A graphical depiction of the 
rendering algorithm of focused light-field imaging is shown in Supplementary  
Fig. 8. Each metalens captures different perspectives of the scene, containing 
positional and angular information on the radiance. Therefore, the specific 
viewpoint of the scene can be reproduced by grouping some specific pixels of each 
subimage. We integrate square patches in the centre of each subimage to obtain an 
image with a specific depth of focus. The integration of different sizes of patches 
produces different depths of focus10,11. From the farthest to the closest depth of 
focus, the number of pixels of patches used ranges from 47 ×  47 to 5 ×  5, depending 
on the ratio of a to b.

Depth estimation. We select a square patch in the centre subimage with 
a suitable size, approximately one-quarter of the metalens diameter (see 
Supplementary Fig. 9 for the depth estimation algorithm). We then compare 

the radiance between the patch of the centre subimage and those of adjacent 
subimages, but with shifts d (in pixels). The radiance difference D(d) is defined 
as the sum of the difference from the red, green, blue colour values. Finally, we 
determine the minimum shift value as the disparity between two metalenses. 
The disparities indicate the depth information, which can be transformed into 
the actual distance11,12.
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