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Wide-angle imaging is an important function in photography and projection, but it also places high demands on the
design of the imaging components of a camera. To eliminate the coma caused by the focusing of large-angle incident
light, traditional wide-angle camera lenses are composed of complex optical components. Here, we propose a planar
camera for wide-angle imaging with a silicon nitride metalens array mounted on a CMOS image sensor. By carefully

designing proper phase profiles for metalenses with intentionally introduced shifted phase terms, the whole lens array is

capable of capturing a scene with a large viewing angle and negligible distortion or aberrations. After a stitching process,
we obtained a large viewing angle image with a range of >120° using a compact planar camera. Our device demonstrates
the advantages of metalenses in flexible phase design and compact integration, and the prospects for future imaging
technology. © 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

https://doi.org/10.1364/OPTICA.446063

1. INTRODUCTION

Complex optical components are utilized in various camera
lenses to fulfill the growing requirements for imaging quality,
which leads to bulky and heavy cameras. However, people also
have high demands for the small size and portability of cameras.
The recently developed metasurface is a kind of planar artificial
material composed of sub-wavelength structural units [1-10].
Benefitting from flexible phase design advantages, the metasurface
provides a promising way for miniaturization of imaging devices.
Metalenses with only a single-layer of structure can realize func-
tions comparable to traditional bulk refractive lenses. In recent
years, metalenses with improved imaging performance such as
achromatic metalenses have been designed to make them more
applicable [11-19]. However, wide-angle imaging is difficult to
realize with a single-layer metalens.

The wide-angle lens is in high demand owing to its capability of
large information acquisition. Traditional wide-angle lenses (fish-
eye lenses) are composed of multiple refractive optical elements,
which ensures the object light in a large viewing angle can be well
imaged. Since the 1960s, with the wide application of optical
automatic design technology, fisheye lenses have developed rapidly,
and many lens structures with excellent imaging performance
have appeared one after another. Many aberrations of the newly
launched fisheye lens are well controlled, and the uniformity of its
image surface illumination has also been significantly improved
[20]. Although traditional optics has achieved great success, it still
suffers problems such as heavy weight and large volume, obstruct-
ing the requirement for planarization and high integration of
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modern optical devices. To achieve a highly compact flat wide-
angle view lens, many efforts have been tried to design a fisheye
metalens. In principle, using a single-layer metalens with a certain
phase profile to access a wide-angle imaging is impossible, since it
requires the metalens to have different phase responses to different
incident light [21]. Some designs based on planar lenses have been
implemented to realize wide-angle imaging such as the metalens
doublet [22,23], computational thin-plate lens [24,25], a metalens
combined with an aperture [26,27], or compromises in focusing
phase profiles [28,29]. However, these designs either have chal-
lenges in fabrication and computing resources, or sacrifice other
imaging performances such as imaging efficiency or image resolu-
tion (see Supplement 1 Table S1 for detailed comparisons). In most
previous works, metalenses act only as substitutes for traditional
refractive lenses. In these works, the wide-angle imaging function
still needs to be verified in a complex optical test system composed
ofan independent light source, detector, and other assistant optical
components. Thus, a highly compact wide-angle imaging system
based on a single-layer metalens with good performance has not
been realized to date.

In this work, we propose a single-layer metalens array inte-
grated wide-angle camera (MIWC) without sacrificing imaging
performances. The phase of each metalens is carefully designed,
by which incident light within a certain range of angles is imaged
by each lens. These sub-images are then stitched into a complete
wide-angle image. After characterizing the imaging properties of
the metalens array with respect to the modulation transfer func-
tion (MTEF), focusing efficiency, etc., we experimentally achieved
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Schematic diagram of the principle and device architecture. (a) Schematics of wide-angle imaging by MIWC. Zoom-in figure shows the imag-

ing principle with each part of the wide-angle image clearly imaged separately by each metalens. (b) Photograph of MIWC. The metalens array can be seen
in the middle of the enlarged figure on the right. (c) Architecture of MIWC. The metalens array is integrated directly on the CMOS image sensor (DMM
27UJ003-ML) and fixed by an optically clear adhesive (OCA) tape (Tesa, 69402).

wide-angle imaging of >120°. In addition, the metalens array is
directly integrated onto the CMOS image sensor, which enables a
compact, miniaturized, and stable camera that is quite promising
in portable imaging devices, such as vehicle/airborne monitoring,
remote sensing, detection, etc.

2. ARCHITECTURE OF MIWC

Figure 1(a) schematically shows an imaging scene. The metalens
array was mounted directly on the CMOS image sensor, which is
a one-dimensionally arranged metalens as shown in the zoom-in
figure in Fig. 1(a). Each metalens is designed for a wavelength of
470 nm and is in charge of clearly imaging the object light within
a certain viewing angle range. The clear imaging angle range of
all metalenses can cover the entire £60° viewing angle, so the
collected sub-images contain all the information that can be used
to stitch together a complete wide-angle image. The MIWC device
is shown in Fig. 1(b), and the size of the entire camera is about
lcm x 1 cm X 0.3 cm. The structure of the metalens array can
be clearly seen from the zoon-in image on the right. The device
architecture is shown in Fig. 1(c). The metalens sample together
with the substrate is directly mounted upside down on the CMOS
image sensor (Imaging source, DMM 27UJ003-ML, pixel size:
1.67 um) and fixed by an optically clear adhesive (OCA) tape
(Tesa, 69402) [30]. The object light passes through the substrate
and then modulated by the meatlens and imaged on the CMOS
image sensor. The OCA tape with proper thickness is used to con-
trol the imaging distance with respect to focal designed metalenses.
In our case, the camera works for far field imaging, and the imaging
distance is approximately equal to the focal length of the metalens.

3. PHASE DESIGN OF METALENS ARRAY

In common cases, for perpendicular incident light, the phase pro-
file of a focusing metalens is defined as

s ="~ VPR, M)

where R is the position in radius dimension from the lens center O,
and f is the focal length. When the angle of incident light changes,
this phase distribution is no longer suitable to focus the incident
light perfectly, causing aberrations such as coma, astigmatism, and
distortion. Itis rightly the cause of all lenses having a limited field of
view (FOV). For the focus case of oblique incident light, the phase
profile should meet the condition [31]

APp(R,a) =—Fk[AR -sina — AR -sinf(R, )], (2)

where A¢ is the phase difference of two infinitely close points at
position R, AR is the distance of these two points, « is the angle
of incident light, and 6 is the angle of output light at position R,
as shown in Fig. 2(a). The output angle 6 is determined by the
output position R, focus point position P, and focal length f with
arelation of

(€)

tan O(R, o) = (M> .

f

We define the focus point position P (&) as the projection func-
tion, because it determines the correspondence between the object
point and image point. By inserting Eq. (3) into Eq. (2) and inte-
grating on both sides of Eq. (2), we derive the target phase as

H(R, o) = —k [R “sina +\/f”2 +(P(a) — R’ — \/f? + P(a)z].
4)

It can be seen from Eq. (4) that even at the same position R,
the lens needs to have different phase responses to incident light
of different angles, which is difficult to achieve in a single refrac-
tive lens or metalens. Here, the proposed lens array gives a good
solution. In the lens design, there are several forms of projection
functions, such as P(«) =0, P(a) = — f tana, P(a) = — f,
etc. The form of the projection function has a great influence on
the imaging performance; see Supplement 1 Fig. S1 for details.
Taking into account the imaging quality and imaging efficiency,
we choose P (&) = — fo as the projection function in the MIWC.
The designed angles and FOV corresponding to each metalens are
estimated and determined by aberrations analysis; see Supplement
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Phase profiles and nano-structures of metalenses. (a) Schematic illustration of focusing oblique incident light by a metalens. The metalens is

illuminated with parallel incident light at an angle of o with the optical axis. All incident light is focused at the focal plane and with a radial distance of
P (c) from the lens center. (b) Phase distribution of metalens with designed angle of 38° (left) and corresponding optical microscope photograph (right).
(c) Phase (blue stars) and transmittance (brown circles) of meta-atoms with eight different structural parameters, simulated by FDTD solutions. The sizes
of the meta-atoms are marked along the phase distribution line, besides the blue stars. (d) Top-view SEM image of part of the fabricated metalens.

1 Fig. S2 for details. According to aberration analysis, the MITWC
was determined to be composed of 17 lenses, the designed angles of
which are 0°, £19°, £27°, +33°, 4:38°, +43°, £48°, +-53°, and
+57.5°. Considering the imaging intensity and imaging quality
of the MIWC, we determined that the focal length and aperture
diameter of each metalens are 450 pm and 300 pm, respectively.
The lenses are arranged in one dimension and are close to each
other. The final phase profile of each metalens can be calculated
by substituting the corresponding designed angle and the lens
parameters into Eq. (4).

The metalenses were fabricated in silicon nitride (SizNy)
nano-posts on a SiO; substrate. Different propagation phase mod-
ulations can be achieved by changing the structure parameters of
meta-atoms, which is widely used in metasurface design [32-34].
Figure 2(b) shows the phase profiles and optical microscope photo
of the lens with a designed angle of 38°. The meta-atom is a cuboid
with a square cross section. Through finite difference time domain
(EDTD) simulation, eight kinds of meta-atoms are selected to real-
ize a phase shift over 0 — 27, and to ensure transmittance all over
90%. The sizes of the cross sections of these eight meta-atoms are
shown in Fig. 2(c). The metalenses were fabricated using standard
electron-beam lithography (EBL) and dry etching (see Section 5
for details). Figure 2(d) shows the top view of a scanning electron
microscope (SEM) image of the metalens structure.

4. CHARACTERIZATION AND IMAGING
PERFORMANCE OF MIWC

The performance of the MIWC was characterized at different inci-
dent angles with 470 nm laser illumination, where the focal spot,
focusing efficiency, and MTFs are analyzed. For comparison, a tra-
ditional metalens with the same aperture diameter and focal length
but a symmetric hyperbolic phase profile was also fabricated and

measured. The experimental setup for characterizing focal spots
corresponding to different incident angles is shown in Fig. 3(a),
where a mirror is inserted to tune the incident angle. Figure 3(b)
shows the focal spots of a traditional metalens and each metalens of
MIWTC for the corresponding incident angles. It is apparent that
MIWC has a good focusing spot even if the incident angle increases
to 57.5°. For traditional lenses, the focusing power diffuses quickly
as the incident angle increases (even at 19°). Figure 3(c) plots the
focusing efficiency of the angle-dependent metalenses of MIWC,
which have a relatively high value of 65% for normal incidence,
and still remain higher than 40% even in a large incident angle of
57.5°. To give a quantitative evaluation of imaging performance,
the MTFs of the traditional lens and the MIWC are calculated
from experimentally measured point spread functions (PSFs) as
the results show in Fig. 3(d) and Fig. 3(e), respectively. It is well
seen that the MTF from the traditional lens decays drastically at
high frequencies from the incident angle of 19°, while those of
MIWC lenses have relatively high values close to the diffraction
limit even in the largest 57.5°. In fact, the comparison of MTFs
corresponding to the traditional lens and MIWC can also be
qualitatively obtained through theoretical analysis. For a lens, as
long as it can focus incident light, it will implement the function
of Fourier transform, through which the spatial information of
the object is converted to spectral. The size of the lens focal spot
mainly determines the cutoff frequency of the spectrum, which
can be well represented by the MTF curve. For a traditional lens,
the high-quality focusing of normal incident light leads to a 0°
MTF curve close to the diffraction limited one, while the poor
focusing of incident light at other angles leads to corresponding
MTFs decaying rapidly as shown in Fig. 3(d). However, in MIWC,
we solve this problem by using a metalens array, in which each lens
has a designed angle and is responsible for a small range of imaging
angles to guarantee good focusing performance within a small
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Fig. 3. Focusing performance of MIWC. (a) Schematic of the optical setup for testing focusing performance. Illuminating light on the lens is from a
470 nm laser and reflected by a mirror. Incident light at different angles can be achieved by translating and rotating the mirror. The focal spot of each metal-
ens is amplified by an objective (x 60, NA = 1.4) and imaged on a CMOS sensor. (b) Comparison of focal spots corresponding to a traditional metalens and
MIWC with four different illuminating angles. (c) Focusing efficiency of MIWC for incident light with angles of 0°, 19°, 38°, and 57.5°. MTFs of (d) tra-
ditional metalens and (¢) MIWC. The solid and dashed lines show MTFs in the tangential plane [along x axis in (b)] and sagittal plane [along y axis in (b)],

respectively.

range. Thus, the MTFs corresponding to different incident angles
are all close to the diffraction limited one, as shown in Fig. 3(e).
So the experimental results of MTFs definitely demonstrate the
overwhelming focusing advantage of MIWC over the traditional
metalens in wide-angle incidences, which confirms the importance
of our phase-shift metalens design for oblique incidences.

Before imaging specific wide-angle objects, we first verified the
capability of the MIWC for angular position, that is, whether each
lens can clearly image the target in the designed angular range.
According to mirror symmetry, it is sufficient to check the per-
formance by imaging targets only in positive angles. The objects to
be imaged were projected on a curved screen. For high-efficiency
imaging, the projected images were set to blue, which is closer to
the designed wavelength of the metalens. A straight line projected
on the curved screen was first selected as the object for characteri-
zation. This line is imaged by different lenses to form a group of
sub-images, from which the lateral intensity profiles of the imaged
lines at different positions should have correspondences to each
lens. Specifically, we can determine the imaging angle and span-
ning range of a certain lens by judging the relatively small FWHM
position of corresponding imaged lines. Figure 4(a) shows the
sub-images corresponding to two lenses with designed angles of
0° and 48°. Two positions along the line were chosen for viewing
the intensity distribution and the FWHM, as shown in Fig. 4(b).
By analyzing the FWHM of the lateral intensity distribution at
each position along the line and selecting the position with rela-
tively small FWHM, the clear imaging area of the corresponding
lens can be determined, as shown in Fig. 4(c). The complete sub-
images and the analyzed clear imaging angular ranges are shown in

Supplement 1 Fig. §3, from which it can be seen that the analyzed
imaging angles are consistent with the designed ones.

To further confirm the imaging angle range of each lens, the
letter “ E” was projected onto the curved screen at different viewing
angles for imaging [see Fig. 4(d)]. By checking the sub-images of
the lens array, we can find the clearest and brightest sub-images
located in the first row for normal incidence (0°) [left panel
in Fig. 4(e)] and seventh row for 48° incidence [right panel in
Fig. 4(e)]. More experimental results from all designed viewing
angles are shown in Supplement 1 Fig. S4. It is found that the
measured clearest imaging viewing angles are consistent with the
designed angles of all lenses.

Afterwards, we carried out the experiment for a 120° imaging
angle of view of the MIWC. Two projectors were used to display
the words “NANJING UNIVERSITY” with a viewing angle
covering 120° on the curved screen, which was imaged by the
MIWC shown in Fig. 5(a). The images formed by lenses of —57°,
0°, and 57° are shown in Fig. 5(b) (see Supplement 1 Fig. S5 for
complete experimental sub-images). It is easy to find that each lens
can clearly image part of the wide-angle object, and the imaging
range is determined by the designed angle of each lens. To stitch
these blur-free image parts into a complete wide-angle image, a
method based on a well-developed mask function processing is
applied. The image formed by each lens has a corresponding mask
function, shown as Fig. 5(c). The form of the mask functions are
intensities with Gaussian distributions, the peak coordinates and
standard deviation of which are determined by referring to the
distributions shown in Fig. S3(b). Multiplying the sub-image and
the corresponding mask function pixel by pixel can extract the
clear imaging part of the sub-image, which is called the weighted
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Experimental wide-angle imaging results by MIWC. (a) Projected “NANJING UNIVERSITY” on the curved screen covers a viewing angle of

120° and then is imaged by MIWC. (b) Imaging results and corresponding mask functions of lenses with designed angles of —57.5°, 0°, 57.5°. (d) Imaging
result of a traditional metalens showing limited field of view. (e) Final imaging result of MIWC by processing with mask functions and sub-images, which

shows three times larger FOV compared with the traditional lens.

sub-image. By superimposing all weighted sub-images, we can get
a stitched wide-angle image with background noise. To obtain the
final high-quality wide-angle image, it is necessary to divide the
result over the sum of the mask function. Supplement 1 Fig. S6
shows the stitching process in detail. Finally, the ultimate wide-
angle image is achieved, shown in Fig. 5(e), which clearly exhibits
every letter of “NANJING UNIVERSITY.” To further show
the wide-angle performance, we compare it with the image of a
traditional metalens [see Fig. 5(d)] with a traditional hyperbolic
phase profile. It is evident that the traditional lens can image clearly
only with an angle range within £20°, which is one third of the
capability of the MIWC.

5. MATERIALS AND METHODS
A. Device Fabrication

By using plasma enhanced chemical vapor deposition (PECVD),
the silicon nitride layer with a final thickness of 1000 nm was
deposited on the fused-silica substrate, and 200 nm PMMA A4
resist film was then spin coated onto the substrate and baked at
170°C for 5 min. A 42 nm thick layer of water-soluble conductive
polymer (AR-PC 5090) was spin coated on the resist for the dis-
sipation of E-beam charges. The device pattern was next written
by using an E-beam writer (Elionix ELS-F125). The conductive
polymer was then dissolved in water, and resist was developed in a
resist developer solution. An electron beam evaporated chromium
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layer was used to reverse the generated pattern with a liftoff process,
and was then used as a hard mask for dry etching the silicon nitride
layer. The dry etching was performed in a mixture of CHF3 and
SEG plasmas using an inductively coupled plasma reactive ion
etching process (Oxford Instruments, PlasmaPro100 Cobra300).
Finally, the chromium layer was removed by a stripping solution
(cericammonium nitrate).

B. Ray Tracing Simulation

Ray tracing simulation can be used not only to theoretically deter-
mine the direction of emitted light corresponding to incident
light at different angles, but also further used to simulate the focal
spots of the metalenses. The simulation is based on the general-
ized Snell’s law, according to which light rays propagating to an
interface will obey the relationship as follows:

sin(6,) — sin(6;) = %j—f, 5)
where 6, and 0; are the angle of refraction and incidence, respec-
tively, and 7 is the incident position of light on the metalens.
According to Eq. (5), the propagation of light passing through a
metalens can be completely determined. This ray tracing simula-
tion was applied to calculate the light traveling path in Supplement
1 Fig. S1. By collecting the refractive light distribution on the focal
plane, the shape of the focal spots can be obtained, as shown in
Supplement 1 Fig. S2.

6. DISCUSSION AND CONCLUSION

In the MIWC, the imaging element is designed as a one-
dimensional metalens array considering the following reasons.
Although a two-dimensional lens array can expand the viewing
angle in both horizontal and vertical dimensions, the number
of CMOS pixels and the imaging cross talk between lenses will
limit the range of the viewing angle in the two dimensions. The
one-dimensional lens can ensure that the viewing angle will not
be restricted in the horizontal direction. On the other hand, the
experimental results show that without any special phase design, a
lens already has a viewing angle of near +20°, which is sufficient for
the longitude viewing angle in many applications, for example, the
wide-angle photography of landscapes and wide-angle detection
in autonomous driving. Thus, this kind of one-dimensional wide-
angle imaging already has enough application value. However,
two-dimensional wide-angle imaging cannot be simply extended
from the one-dimensional design, because the metalens we propose
has no rotation symmetry like traditional lenses. If the viewing
angle is to be extended in the longitudinal direction, one can design
two or three groups of the horizontal one-dimensional lens array,
by adding an additional phase corresponding to the longitudinal
viewing angle in each group. Therefore, it is possible to increase the
longitudinal viewing angle to some extent.

In theory, as long as the number of metalenses is sufficient,
our design can achieve a viewing angle of £90°. However, in an
actual imaging scene, the irradiation cross section of the large-angle
light on a planar lens is very small, resulting in low luminance of
the large-angle object light. Thus, in our experiment, to get good
imaging quality, we show a wide viewing angle of only +60°. In
the traditional fisheye lens, this problem is solved by designing a
large-curved lens to receive more light from a large viewing angle.

Vol. 9, No. 4 / April 2022 / Optica 436

However, when fabrication technology further develops, in our
design, the fabricated metalens array can also be arranged on a
curve shaped substrate to solve this problem. But this solution is
difficult to realize in works using single large-sized metalenses,
since fabricating the entire metalens on a curved substrate places
extremely high requirements on fabrication capabilities.

In conclusion, we have proposed and implemented a highly
compact wide-angle imaging device by mounting a well-designed
planar metalens array onto a CMOS sensor. Each metalens within
the array accounts for a certain range of wide-angle incidence,
which in principle circumvents the difficulty of a single-phase
profile for whole wide-angle view in common designs. Imaging
performances of the integrated device, including focusing effi-
ciency, MTE resolution, and angular accuracy, were systematically
investigated. Finally, we used 17 lenses to compose an array camera
and obtained a 120°-wide viewing angle, which is the largest one
with a clear real image by a flat lens, to our knowledge. This good
performance significantly attributes to the flexible engineering of
metalenses, where a phase-shift design is introduced that grants
each lens good image quality. The remarkably improved MTF
compared with a traditional metalens well confirms the advantage
of our design. Moreover, our approach provides a very compact flat
camera with the lens array distributed scheme, which works not
only for a wide-angle flat camera with broad application potentials,
but also would inspire new explorations in space-multiplexed
spectral imaging, sensing, and other functionalities.
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