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Conventional wide-field-of-view cameras consist of multi-lens optics and flat image sensor arrays, which makes them bulky and
heavy. As a result, they are poorly suited to advanced mobile applications such as drones and autonomous vehicles. In nature,
the eyes of aquatic animals consist of a single spherical lens and a highly sensitive hemispherical retina, an approach that could
be beneficial in the development of synthetic wide-field-of-view imaging systems. Here, we report an aquatic-vision-inspired
camera that consists of a single monocentric lens and a hemispherical silicon nanorod photodiode array. The imaging system
features a wide field of view, miniaturized design, low optical aberration, deep depth of field and simple visual accommodation.
Furthermore, under vignetting, the photodiode array enables high-quality panoramic imaging due to the enhanced photodetec-

tion properties of the silicon nanorod photodiodes.

view (FoV) are of use in applications that require object
tracking capabilities, such as drones and autonomous
vehicles'”. However, due to the large Petzval field curvature in wide
FoV imaging, a large number of lenses are required to focus pan-
oramic scenes onto a flat image sensor array>. For example, a typical
wide-angle camera module, which has a FoV of over 120°, requires
between 8 and 13 lenses’. This dramatically increases the overall vol-
ume and weight of the camera module’ (Supplementary Fig. 1).
Biological imaging systems have been optimized through evo-
lution and have inspired the development of biomimetic cam-
eras”®. Curved image sensor arrays that mimic the human eye
using single plano-convex lenses have, for example, enabled imag-
ing with fewer optical aberrations (Supplementary Fig. 2a)’'.
However, these human-eye-inspired cameras offer limited FoVs
of less than 100° due to off-axis aberrations, particularly at large
angles (Supplementary Fig. 2b)’. In addition, the natural human
eye does not use single-lens optics as it cannot reduce optical aber-
rations without its cornea, which serves as an additional refractive
lens (Supplementary Fig. 2c)". Alternatively, compound eye-type
imaging systems inspired by arthropod eyes have demonstrated
wide-FoV characteristics (Supplementary Fig. 3a)"*~'°. However, the
visual acuity (clarity of vision) of compound eyes is inferior to that
of camera-type eyes, such as vertebrate and aquatic animal eyes,
because their corneal microlens cannot be miniaturized to have a
sufficient diffraction limit (Supplementary Fig. 3b).
Aquatic-type vision, found in fish", cephalopods'® and aquatic
mammals”, features a wide FoV of up to 160° high visual

I\/\ iniaturized, lightweight cameras that offer a wide field of

acuity, minimal optical aberrations', deep depth of field (DoF)*
and simple visual accommodation®, all in small form factors®.
Furthermore, photoreceptors on the retinas of aquatic eyes are
highly light-sensitive, which allows high visual acuity even in dim
underwater conditions”. Many of these characteristics are a con-
sequence of a single spherical monocentric lens with a parabolic
refractive index (RI) profile>'” and a hemispherical curved retina
with highly light-sensitive rod cells”. These features have inspired
the development of wide-FoV cameras that meet key requirements
for advanced mobile electronics**.

In this Article, we report a bio-inspired camera that adopts the
unique optical advantages of aquatic vision by integrating a mono-
centric lens and a hemispherical silicon nanorod photodiode array
(h-SiNR-PDA). The nanorod photodiode array has a textured and
passivated structure that enhances its light sensitivity, providing
improved imaging under vignetting. The aquatic-vision-inspired
camera features a FoV of 120° an 11.5-mm form factor, a DoF
of 20cm to infinity and minimal optical aberrations with simple
accommodation.

Structural and functional features of aquatic vision in
nature

Figure la presents a photograph of an aquatic animal (Cichlid),
while the inset shows a corresponding schematic illustration
demonstrating the anatomy of its eye. Aquatic vision features a
wide FoV with clear visual acuity, even in a dim underwater envi-
ronment, as a result of the single spherical monocentric lens and
highly light-sensitive hemispherical retina>”. The deep DoF and
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Fig. 1| Structural and functional features of aquatic vision in nature. a, Photograph of an example Cichlid. Inset: an anatomical illustration of the aquatic
eye. b, Schematic of the aquatic eye with its key features. Left inset: parabolic Rl profile of the protruding monocentric lens. Right inset: highly sensitive
elongated rod cells in the hemispherical retina. ¢, Optical simulation of light spots focused by the protruding monocentric lens (top) for light sources at
three different angles (0°, 40° and 80°). The line graphs (bottom) show corresponding cross-sectional intensity profiles. d, The top frames show an optical
simulation for focusing objects located at different d, (for example, 2 cm in the blue dashed box; 10 cm, 50 cm and infinity in the red dashed box). The blurry
image for the object located at d,=2 cm can be refocused by visual accommodation (that is, d, change from 3.55 mm to 5.50 mm). The bottom frame shows

a schematic drawing of the deep DoF.

facile visual accommodation are other unique advantages of aquatic
vision®. In nature, such features protect aquatic animals from ene-
mies and help in hunting prey. In the real world, if a similar imag-
ing system were available, such features would be useful for obstacle
avoidance and object tracking, particularly in advanced mobile
electronics'.

These optical properties arise from the unique structural and
functional features of the aquatic eye: that is, a protruding mono-
centric lens, a hemispherical retina, an iris and retractor/protrac-
tor muscles (Fig. 1b). The protruding monocentric lens, with its
spherical and symmetric shape, forms a hemispherical focal plane.
By matching this focal plane with the hemispherical retina, aquatic
vision achieves a wide FoV. In addition, the parabolic RI profile of
the monocentric lens (Fig. 1b, left inset) minimizes optical aberra-
tions, allowing nearly zero aberrations for panoramic scenes. The
iris blocks stray light and minimizes optical aberrations further.
Meanwhile, the retina contains elongated rod cells (Fig. 1b, right
inset) that elongate the light path for better light absorption, and
is thus suited to detecting low-intensity light in the dim undersea
environment”. The retractor/protractor muscles move the mono-
centric lens back and forth for visual accommodation.

These characteristics (the wide FoV without optical aberrations,
for example) can be confirmed theoretically by means of opti-

cal simulations. A three-dimensional (3D) ray-tracing simulation
based on the Monte-Carlo method was used to validate the inher-
ent superiority of the monocentric lens in wide-FoV imaging (Fig.
1¢). The aquatic vision can focus light from wide angular directions
(<160°) to within a tiny spot on the hemispherical retina, confirm-
ing the small coma aberration. The 2D ray-tracing simulation also
supports the effective correction of off/on-axis aberrations by the
monocentric lens (Supplementary Fig. 4). More details about the
ray-tracing simulation are provided in Supplementary Note 1.
Aquatic vision also features a deep DoF resulting from its inher-
ently short focal length, which enables well-focused imaging for
objects located at a wide range of distances (Fig. 1d, bottom). A
clear image is obtained when the image distance (d,) is equal to the
focal length (d;) of the monocentric lens for an object located at the
object distance (d,) (Supplementary Fig. 5). In aquatic vision, all
objects located at 10 cm or further are clearly imaged by the mono-
centric lens with d;=3.55mm (red dashed box, Fig. 1d; deep DoF
region). For closer objects (for example, located at 2 cm), the focal
length becomes longer and the image captured with d;=3.55mm
becomes blurry. However, by slightly modulating d; to be 5.50 mm
using retractor/protractor muscles (Fig. 1b), the blurred image can
be easily refocused (blue dashed box, Fig. 1d; close region). Visual
accommodation in the aquatic eye is simpler than in the human

NATURE ELECTRONICS | www.nature.com/natureelectronics


http://www.nature.com/natureelectronics

ARTICLES

NATURE ELECTRONICS
a
h-SiNR-PDA Shell lens
Object R, =4.1mm (RoC = 7.5 mm) (SF16) ™S
distance, d,
it |
1
1
|
: Half-ball —>
lens (BK7)

Half-ball —>

lens (BK7)
Aperture
40° Rapenure =1mm I Image
aperture = 0-5 MM distance, d, e
60° Shell lens
Fi# =2.63 (SF16)
e f
40

Monocentric len
onoce C lens | mmm  Wide-angle multi-lens

with h-SiNR-PDA 0 0.5 1.0 g 30 | == Homogeneous ball lens
l i I Intensity (a.u.) \;;1 | === Monocentric lens
|
% 20 /_‘,_A—-/\‘
s i
g 10 /——/
(7]
01— ; ; ;

0 20 40 60
0 10° 207 30° 40° 50° 60 Incident angle (deg)

Half-ball lens
(BK7)

Shell lens (SF16)

Monocentric lens

Aperture

h
% - - 10
% 0.02 4 == Wide-angle multi-lens E 8 1 Deep DoF Close
= = Homogeneous ball lens € 7 region region
2 | === Monocentric lens ~ 1
< -‘cEn 6
5 1
2 001 3 4
2 © E
L o i
Q
© o o A
o 50 30 20 10 5 3 2
QQ\?“ O@?‘ é&\ ég?“ O\y‘ ) )
S O ¥ Object distance (cm)

Fig. 2 | Monocentric lens inspired by the protruding monocentric lens of aquatic eyes. a, Ray-tracing simulation of the aquatic-vision-inspired camera.
RoC, radius of curvature. b, Exploded schematic of the monocentric lens. ¢, Photographs showing a disassembled form of the monocentric lens. Top (left)
and side (right) views of the inner half-ball lens (BK7) and the outer shell lens (SF16). d, Photograph showing an assembled form of the monocentric lens.
e, Light intensity (top) and size (bottom) of laser spots for different incident angles, focused and detected by using the monocentric lens and h-SiNR-PDA,
respectively. f, Optical simulation of the monochromic spot radius for different incident angles. g, Seidel aberration coefficients of the monocentric lens
and control lenses. h, Focal lengths for objects at various distances, focused by the monocentric lens (deep DoF region, red; close region, blue).

eye in terms of optics, because it does not need any changes in
the original lens shape (Supplementary Fig. 6a)*' (visual accom-
modation in the human eye requires deformation of the lens;
Supplementary Fig. 6b)°.

Monocentric lens inspired by a natural protruding
monocentric lens

An artificial imaging system inspired by the natural aquatic eye
can be developed by integration of the monocentric lens and
h-SiNR-PDA (Fig. 2a). The monocentric lens inspired by the pro-
truding monocentric lens in the aquatic eye (Fig. 1) has a spherical
and symmetric shape (Supplementary Fig. 7), where the half-ball
lens (BK7) and shell lens (SF16) are assembled on both sides of the
aperture using a transparent optical adhesive (NOA 61) (Fig. 2b).
Such a symmetric hemispherical lens shape is helpful for elimi-
nating undesired wavefront error. Photographs of the lenses and
their assembled form are shown in Fig. 2c,d, respectively. Details
of the fabrication process of the monocentric lens are provided in
Supplementary Fig. 8 and the Methods.

Suchacore-shell structure with two RIvaluesin the monocentric
lens (Fig. 2b) is inspired by the parabolic RI profile in the protrud-
ing monocentriclens of an aquatic eye (Fig. 1b, left inset). However,
in the monocentric lens, the outer shell (SF16, R ,=4.1 mm)
is designed to have a larger RI (n,,=1.65) than the inner core
(BK7, R,=2mm; n,,=1.52) to achieve the small focal spot
radius, because the imaging system is under air, not under water
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(Supplementary Fig. 9). The optimal RI difference of the lenses
(An=ngy,—n,) and the radius ratio (R,/R,,,) are around 0.13 and
0.48, respectively (Supplementary Fig. 10). The aperture is placed
at the centre of individual half-ball lenses to achieve the wide FoV
without intensity attenuation of focused lights (Supplementary
Fig. 11). With these optimizations, the monocentric lens with
two RI values shows comparable (or better in some conditions)
focusing capabilities than the natural protruding monocentric
lens or the monocentric lens with three RI values (Supplementary
Fig. 12). It also has advantages in terms of fabrication and cost
compared to the recently developed lenses (for example, a lens
with continuous RI** and a flat metalens®). More details about
the design optimization of the monocentric lens are included in
Supplementary Note 2.

The monocentric lens, when integrated with the h-SiNR-PDA
inspired by the hemispherical retina of aquatic eyes (Fig. 1b), enables
wide-FoV imaging. Because the curved shape of the h-SiNR-PDA is
matched with the hemispherical focal plane (Fig. 2a), the mono-
centric lens effectively focuses the light from wide angular direc-
tions without off-axis aberrations, although vignetting (that is, light
intensity attenuation at wide angles) is observed (Fig. 2¢). On the
other hand, significant blurring occurs, particularly at large angles,
when a flat photodetector array (f-PDA) is used (Supplementary
Fig. 13). In particular, the monochromatic spot radii of the mono-
centric lens are less than 4.2 pm for all incident angles (Fig. 2f and
Supplementary Fig. 14); these are much smaller spot radii than
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Fig. 3 | h-SiNR-PDA inspired by the retina of aquatic eyes. a, Photograph of the SiNR photodiode array fabricated on a flat substrate. ACF, anisotropic
conductive film. Inset: photograph of the same array transferred to the hemispherical surface. b, Optical microscope image of an individual pixel composed
of a photodiode and a blocking diode. ¢, FEA of the strain distribution in the individual pixel of the h-SiNR-PDA. d, Three-dimensional (3D) AFM image
showing the surface morphology of the SiNRs. Inset: height profile of the SiNRs. e, Cross-sectional TEM image of the SiNRs. f, Photo-absorption profile of
the bare silicon and SiNRs in the visible spectrum range. g, Statistical analysis (N=6) of I,,, and /.., for the SiNR photodiode with and without

Al,O; passivation. h, Sensitivity (/;,./Is.i) Of the SINR photodiode with and without Al,O; passivation under illumination with various light

intensities. i, -V curves of the SiNR photodiode serially connected with the blocking diode under various light intensities.

those of a conventional wide-angle multi-lens or a homogeneous h-SiNR-PDA inspired by the retina of aquatic eyes
ball lens (Fig. 2f). Furthermore, the achromatic on/off-axis aber- Inspired by the hemispherical retina with elongated rod cells
rations (for example, spherical aberration (SPHA), coma aberra- in aquatic eyes (Fig. 1b and right inset), we developed the
tion (COMA), and astigmatism aberration (ASTI)) and chromatic h-SiNR-PDA, a mesh-shaped 23 X23-hexagonal-pixel array
aberrations (for example, chromatic transverse aberration (CTA)  (Fig. 3a and inset). Individual devices, that is, the nanorod-textured
and chromatic longitudinal aberration (CLA)) of the monocentric  silicon photodiode and blocking diode', are placed inside the hex-
lens are much smaller than those of the wide-angle multi-lens or  agonal pixel (Fig. 3b), and connected as a lateral n—-p-n configura-
homogeneous ball lens (Fig. 2g)*. More details about the optical  tion for passive matrix array operation (Supplementary Fig. 16)*.
aberration of the monocentric lens compared to control lenses are  The detailed fabrication process for the h-SiNR-PDA is described
provided in Supplementary Note 3. in Supplementary Fig. 17 and the Methods, and cross-sectional
The monocentric lens also has a short d; ranging between schematic illustrations for the fabrication of an individual pixel are
2.79mm and 5.87 mm, which enables deep DoF imaging. Figure 2h  shown in Supplementary Fig. 18.
presents the d; of the monocentric lens for objects located at vari- The mesh array design with serpentine interconnections mini-
ous distances. The objects at more than 20cm (20cm to infinity) mizes induced strain on the array’*>. According to finite ele-
have almost similar d; values around 2.95mm (deep DoF region in  ment analysis (FEA), induced strain on an individual photodiode
Fig. 2h). Thus, those objects can be focused well by maintaining is 0.02%, which is much lower than the fracture strain of silicon
d,;,,=2.95mm (Supplementary Fig. 15a). When objects are closer  (~1%)* (Fig. 3c). The ultrathin thickness of the array (~5.5pm),
(d,<20cm), d; gradually changes (close region in Fig. 2h) and the  including the thin flexible silicon photodetecting layer (~1.25 pm), is
images become blurry (Supplementary Fig. 15b). However, accom-  helpful in enhancing the mechanical flexibility of the array*>*. The
modation can be applied easily in the aquatic eye using the retrac-  h-SiNR-PDA could thus be conformally laminated on a concavely
tor and protractor muscles (Fig. 1b). Such blurred images are easily = hemispherical surface without mechanical fractures (Supplementary
refocused by slightly modulating d; (Supplementary Fig. 15¢,d).  Fig. 19a). The pixel distribution at the perimeter of the h-SiNR-PDA
This is clearly simpler than the accommodation method of the is close to a circle, so the array can cover almost the entire hemi-
conventional wide-angle multi-lens system, in which each distance  spherical surface (Supplementary Fig. 19b). More details about the
between individual lenses has to be adjusted’. mechanical analysis are provided in Supplementary Note 4.
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Fig. 4 | Imaging demonstration with the integrated camera module. a, Photograph of the assembled aquatic-vision-inspired camera module. Inset: its
disassembled form. b, Panoramic imaging demonstration (FoV =120°). Inset: the original object image. ¢, Wide-FoV imaging of a cross pattern composed
of spots. The spots are located at various angles (—60° to ~60°). Inset: image of the original spotted cross pattern. d, Imaging demonstrations under
different focused light intensities from 0.040 W m=2to 0.205W m~2. e, NIR imaging demonstration (1=850 nm). Inset: the original NIR object image.

f, Imaging demonstration for a triangle (object 1) and square (object 2) located at different distances (d,;=20cm and d,,=30cm) and at different angles
with 90° difference. The image is captured with d,;, =2.95mm. g h, Imaging demonstration for a close object (d,=3cm). The image captured with
dit,y=2.95mmis blurry (g), but it can be refocused with d,;.,,=4.72mm (h). Inset: image of the original object.

In wide-FoV imaging, vignetting is a major issue in acquiring
clear images. For example, light intensity after passing through a
conventional wide-angle multi-lens is drastically attenuated in
proportion to the fourth power of the cosine function of the inci-
dent angle®. Although the monocentric lens substantially corrects
vignetting due to its spherical shape, the intensity of the passed light
is still attenuated in proportion to the cosine function of the incident
angle™. In addition, the thin flexible silicon photodiodes are accom-
panied by limited photo-absorption”’**. Accordingly, nanorod
texturing and surface passivation are also applied to enhance the
photo-absorption and light sensitivity of the photodiode.

Texturing is provided by a silicon nanorod array (Fig. 3d; see
inset for an atomic force microscope (AFM) image and height
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profile), while a thin Al,O, layer (~25nm) is used to passivate the
textured surface. Figure 3e presents a transmission electron micro-
scope (TEM) image of the nanorods and passivation. The silicon
nanorods (SiNRs) have a height of 220nm, diameter of 200 nm
and pitch of 520 nm. The parameters of the SiNRs were engineered
according to a wave optics simulation (Supplementary Fig. 20).
A large-scale TEM image showing the multiple SiNRs and
energy-dispersive spectrometry (EDS) elemental distribution anal-
yses showing the Al,O; layer are provided in Supplementary Fig. 21.

The SiNRs show enhanced photo-absorption in visible spectra
compared to bare silicon (Fig. 3f), because the nanorod-textured
surface reduces surface reflection and transmission (Supplementary
Fig. 22)"*°. Theoretical optical analyses show that the enhanced
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photo-absorption of the SiNRs is due to a light trapping effect
arising from diffraction at the nanorod structure (Supplementary
Figs. 23 and 24). The incident light is diffracted by the
nanorod-textured surface and trapped inside the SiNRs due to mul-
tiple total internal reflections. Thus, the overall light path for the
photo-absorption is elongated*. More details of the theoretical opti-
cal analyses are provided in Supplementary Note 5.

The nanorod texturing of the silicon surface forms surface dan-
gling bonds that generate a surface leakage current and thereby
increase the dark current (Iy,,)*'. Such surface dangling bonds also
generate charge carrier recombination sites, which reduce the pho-
tocurrent (I;,,)". To combat this, surface passivation techniques
have been used”. Here, Al,O, passivation of the nanorod-textured
silicon surface was applied; this suppresses the surface leakage
current’ and inhibits charge carrier recombination® by remov-
ing the dangling bonds and thus reduces I,,, and enhances I,
(Fig. 3g). With these attributes, the SINR photodiode with ALO;
passivation can measure incident light with enhanced sensitivity
(Fig. 3h). Figure 3i presents I-V curves of the SiNR photodiode with
the Al,O, passivation serially connected with the blocking diode
under illumination of various light intensities, confirming the sen-
sitive photoresponse of the SiNR photodiode as well as suppression
of the reverse bias current by the blocking diode”. The dynamic
range and photoresponsivity of the SiNR photodiode are as high
as 61.2dB and 0.34 AW, respectively (Supplementary Fig. 25). In
addition, the photoresponse speed of the SiNR photodiode is com-
parable to that of a bare silicon photodiode (Supplementary Fig.
26), and it can be improved further by exploiting a shorter intrinsic
region length to reduce the transit time as well as by minimizing the
parasitic resistance and capacitance’>*.

Imaging demonstrations using the integrated

camera module

Integration of the monocentric lens and the h-SiNR-PDA with a
custom-made housing results in an aquatic-vision-inspired cam-
era module. The camera module, its components and an exploded
schematic illustration are presented in Fig. 4a, its inset and
Supplementary Fig. 27, respectively. The aquatic-vision-inspired
camera enables aberration-free wide-FoV imaging, but its mod-
ule size (that is, optical axis length) is only 11.5mm, which is
comparable to the size of a quarter coin (Supplementary Fig. 28).
Detailed specifications of the developed camera and those of com-
mercial cameras and other bio-inspired imaging systems are sum-
marized in Supplementary Table 6.

The aquatic-vision-inspired camera enables high-quality
aberration-free imaging with wide FoV, deep DoF and facile accom-
modation, as shown in the optical analyses in Fig. 2. We validated
these features with imaging demonstrations for objects located at
wide angles and different distances. In the experimental set-up for
the imaging demonstration, the position of the monocentric lens
was fixed, while the positions of the h-SINR-PDA and an object
(patterned light passing through a shadow mask mounted on a light
source) were adjusted using underlying rails. In this way, d, and d,
could be controlled (Supplementary Fig. 29). The h-SiNR-PDA was
connected to the external electronics via an anisotropic conductive
film (ACF) and the photocurrent was measured using a custom-
ized data acquisition system (Supplementary Fig. 30). More details
about the experimental set-up for the imaging demonstration and
the data acquisition system with software algorithms are provided
in Supplementary Note 6.

The aquatic-vision-inspired camera successfully performs various
kinds of wide-FoV imaging without optical aberrations. Figure 4b
shows a fish-shaped image captured by the aquatic-vision-inspired
camera. The original object image is shown in the inset of Fig. 4b.
The captured image is rendered on the hemispherical surface, whose
radius matches the curvature of the h-SiNR-PDA. For quantitative

validation of the aberration-free wide-FoV imaging, a cross pattern
of spots located at various angles ranging between —60° and 60°, in
15° intervals (Fig. 4c, inset), was imaged by the h-SiNR-PDA. Each
spot was imaged without distortion (Fig. 4c). The spots located on
the outer side of the cross pattern could also be imaged well by using
the pixels at the perimeter of the h-SiNR-PDA (corresponding to
wide-FoV imaging). The FoV of the aquatic-vision-inspired camera
could be improved up to 160° by using advanced lens manufactur-
ing methods and by employing an image sensor array with a more
hemispherical shape (Supplementary Fig. 31).

Because the spherical monocentric lens reduces vignett-
ing and the h-SiNR-PDA exhibits enhanced sensitivity, the
aquatic-vision-inspired camera allows us to capture images in a dim
environment. Figure 4d shows square patterns captured under differ-
ent light intensities. The dim square pattern with an intensity of only
0.040 Wm™ is imaged well. In addition, the aquatic-vision-inspired
camera can perform imaging in the near-infrared (NIR), as the
SiNR can absorb NIR light (1=850nm; Fig. 4e). A photograph of
the original NIR object is shown in the inset of Fig. 4e.

The aquatic-vision-inspired camera also features a deep DoF
due to its inherently short d,. All objects located at 20 cm or more
can be imaged with a single d,;,,=2.95mm (Supplementary Fig.
32). In another case, two objects (a triangle (object 1) and a square
(object 2)) placed at different distances (d,, =20 cm and d,, =30 cm)
and at different angles with 90° difference (Supplementary
Fig. 33) can be simultaneously imaged with a single d,,,=2.95mm
(Fig. 4f). However, if an object located at a close position (for
example, d, =3 cm, Fig. 4g, inset) is to be imaged with d,g,, the cap-
tured image becomes blurry due to the increased d; for d,=3cm
(Fig. 4g). In this case, visual accommodation is needed. The posi-
tion of the h-SiNR-PDA is adjusted to change d; to match the
increased d; ., =4.72 mm. The blurry image of the letter ‘E’ captured
with d,,, =2.95mm (Fig. 4g) can then be refocused with an adjusted
d3en=4.72mm (Fig. 4h).

Conclusions

Inspired by natural aquatic-vision systems, we have developed a
miniaturized wide-FoV camera by integrating a monocentric lens
with an h-SiNR-PDA. Our camera features a wide FoV, miniatur-
ized design, minimum optical aberration, deep DoF, simple visual
accommodation and enhanced light sensitivity. The entire system is
enclosed in a single small-form-factor unit, and is fabricated using
accessible laboratory-based methods. The aquatic-vision-inspired
camera could be of use in a number of emerging technological appli-
cations, particularly where obstacle avoidance and object tracking at
wide angles is required, and could help expand the current capabili-
ties of advanced mobile electronic devices.

Methods

Fabrication of the monocentric lens and its detailed specifications. To fabricate
the monocentric lens, two kinds of lens (BK7 and SF16) were used. The RI (at a
wavelength of 588 nm) and RoC of BK7 are 1.52 and 2mm and those of SF16 are
1.65 and 4.1 mm, respectively. A transparent optical adhesive (NOA 61, Norland
Products) with RI of 1.56 was used to fill the space between the lenses.

The surface profile of each lens was analysed using a large-area aspheric

3D profiler (UA3P, Panasonic).

Fabrication of the monocentric lens (Supplementary Fig. 8) began with
drop-coating of NOA 61 on the half-ball lens (BK7; Edmund Optics). The half-ball
lens was then aligned on the aperture using an automated centring machine,
and NOA 61 was cured by ultraviolet irradiation to fix the half-ball lens with
the aperture. The space between the half-ball lens and the aperture was filled
with NOA 61, and another half-ball lens was placed on the opposite side of the
aperture and fixed by ultraviolet curing of the NOA 61. The shell lenses (SF16)
were pre-fabricated by a direct single-point diamond turning method with
post-polishing. NOA 61 was then drop-coated on the half-ball lens, the shell lens
was placed on the half-ball lens, and the half-ball lens and the shell lens were fixed
by ultraviolet curing of the NOA 61. The ledge on the aperture allowed precise
alignment between the aperture and the shell lens. The surface profile of the
aperture and the shell lens is shown in Supplementary Fig. 34. The surface profiles
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were measured using a non-contacting 3D surface profile measurement device
(NH-3SPs, Mitaka Kohki). Repeating the same procedure (assembling another
shell lens on the other side of the aperture) completed the fabrication of the
monocentric lens.

Fabrication and characterization of the h-SiNR-PDA. Fabrication of the
h-SiNR-PDA began with spin-coating of a polystyrene (PS) microsphere (diameter
of 0.5 pm; Thermo Fisher Scientific) solution on a silicon-on-insulator wafer
(1.25-pm-thick top silicon; SOITEC). A series of dry etching processes with
oxygen and SF, formed the SiNR textured surface*. The residual PS microspheres
were removed by sonication and piranha solution treatment. A series of doping
processes were performed by using spin-on dopants. The SiNR nanomembrane
was spin-coated with n-type spin-on-dopant (P509 solution; Filmtronics) and
annealed at 200 °C for 15min and at 975 °C for 12 min for n-doping, and then
was spin-coated with the p-type spin-on dopant (B153 solution; Filmtronics) and
annealed at 200 °C for 15min and at 975 °C for 30 min for p-doping. The doping
profiles were analysed by magnetic sector secondary ion mass spectrometry

(IMS 7f, CAMECA; Supplementary Fig. 35). The nanorod-textured and doped
silicon nanomembrane was transfer-printed onto the polyimide (PI) bottom
substrate film (~1pm thick; Sigma Aldrich) spin-coated on a SiO, wafer. The
active silicon diode region was isolated using photolithography and dry etching,
then the Al O, passivation layer (~25nm) was deposited by the plasma-enhanced
atomic layer deposition and isolated through photolithography and wet etching
using a buffered oxide etchant. An additional PI film for the first intermediate
dielectric (~1 pm thick) was spin-coated and cured. The via was patterned by
photolithography and dry etching, and Cr/Au layers for first metal electrode
(10/100 nm) were deposited and patterned by thermal evaporation and wet
etching, respectively. Additional spin-coating and curing of the PI film for the
second intermediate dielectric (~1 pm thick) and deposition of Cr/Au layers for
the second metal electrode (10/100 nm) were performed using the same process. A
final PI film for top encapsulation (~1 pm thick) was spin-coated and cured, then
the entire PI film was etched into a hexagonal mesh structure by dry etching. The
fabricated h-SiNR-PDA was detached from the SiO, wafer using a water-soluble
tape (3M Corp.) and transfer-printed onto a hemispherically curved substrate
made of polydimethylsiloxane (Dow Corning).

The individual pixel, that is, a photodiode serially connected to a blocking
diode (lateral n—-p—n configuration), was used for characterization. A white
light-emitting diode was used as a light source. For device characterization, the
photocurrents of the experimental and control devices (for example, the SINR
photodiode with and without Al,O, passivation) were measured using a parameter
analyser (B1500A, Agilent). Outlier data (the largest and smallest) were excluded.

Data availability
The data that support the plots within this paper and other findings of this study
are available from the corresponding author upon reasonable request.

Code availability
The source codes for Matlab are available from the corresponding authors
upon request.
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Supplementary Notes

Supplementary Note 1. Optical simulations for the aquatic eye in nature
Three-dimensional ray-tracing simulations based on the Monte-Carlo method were
performed using commercial software (OpticStudio 16.0, Radiant ZEMAX LLC, USA). The
optical model of the aquatic eye consists of the protruding monocentric lens with the parabolic
refractive index (RI) distribution ranging from 1.377 to 1.540, the cornea with the RI of 1.33,
the iris with F/# of 0.9, and the retina with a hemispherical shape (Supplementary Fig. 4). By
receiving the light from a point source, the protruding monocentric lens forms a small focal
spot, whose radius is 16.9 um, 23.1 um, and 20.9 um for the light from 0°, 40°, and 80° (i.e.,
FoV is 160°), respectively (Fig. 1¢). Such small focal spot radii that support the small coma
aberration are due to the parabolic RI distribution as well as the spherical lens shape. In
comparison, the spherical lens with the homogeneous RI distribution forms large focal spots,
whose radius is 23.4 um, 62.5 pm, and 62.7 pm for the light from 0°, 40°, and 80° (i.e., same
angle conditions with the parabolic RI distribution case but much larger focal spot radii with

the homogeneous RI distribution), respectively.

Supplementary Note 2. Design optimisation of the monocentric lens

For the systematic design optimisation of the monocentric lens, we exploited the
automatic optimisation process included in the commercial software (OpticStudio 16.0). The
optimisation process began with setting the initial geometric values of the lenses and aperture.
Considering the facile lens fabrication and optimisation, we set the number of lenses as two.
The inner lens was set to the commercial half-ball lens (BK7, radius = 1 mm). The material of

the outer lens was selected as BK7 for an initial material. The distance between lenses was
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fixed as zero to remove the optical alignment. The thickness and radius of the aperture were
fixed as 0.5 mm and 1 mm, respectively. In addition, we predesignated the distance from the
monocentric lens to the image plane and the radius of curvature (RoC) of the image plane as
10 mm and 10 mm, respectively. Then, the parameters (e.g., material, radius, thickness of outer
lens, distance to the image plane, and RoC of the image plane) were optimised through the
global optimisation process to minimise optical aberrations at the wavelength of 480 nm, 546
nm, and 644 nm.

We investigated the focusing capability (e.g., focal spot radius) depending on the RI
of individual lenses. Since the aquatic-vision-inspired camera operates under air, not
underwater, the RI distribution of the monocentric lens should be optimised differently from
that of the protruding monocentric lens. Therefore, we compared two different kinds of the lens
configuration. One is a spherical doublet lens in which the RI of the outer shell is smaller than
that of the inner core (nin > nou; Supplementary Fig. 9a), and the other is a spherical doublet
lens in which the RI of the outer shell is larger than that of the inner core (nin < nous
Supplementary Fig. 9b). Among them, the latter lens forms much smaller focal spot radii for
all incident angles compared to the former one (Supplementary Fig. 9c), which suggests that
the outer shell with a large RI and the inner core with a small RI are optimal for the panoramic
imaging under air. The focal spot radii of the monocentric lens (nin < nout) are much smaller
than those of the homogeneous ball lens (nin = nout).

The focal spot radius depends on the RI difference of the core-shell structure (An = Noyt
— nin) (Supplementary Fig. 10a). Based on optical simulations, small An leads to small

correction of the optical aberration and large An leads to excessive refraction. Thereby, the

large focal spot radius is formed in both cases (i.e., small and large An). The optimised An is



around 0.13, and thus BK7 and SF16 were used as an inner half-ball lens and an outer shell
lens because their RI values are 1.52 (nin) and 1.65 (nout), respectively.

In addition, the focusing capability is also strongly dependent on the dimension of each
lens, such as the ratio of the lens radius (Rin/Rout) (Supplementary Fig. 10b). When Rin/Rout 18
0.48, the smallest spot radius is formed, which is much smaller than that formed by the
homogeneous spherical lens of BK7 and SF16. Therefore, the radius of BK7 (Rin) and SF16
(Rout) 1s designed to be 2 mm and 4.1 mm, respectively.

The aperture position is also crucial to achieve the aberration-free wide FoV imaging
without vignetting because the aperture blocks the oblique incident lights. Based on optical
simulations, the front aperture blocks the incident lights over 30° and the rear aperture blocks
the incident lights over 20° (Supplementary Fig. 11a left and right, respectively), leading to the
large light intensity attenuation at wide angles. In contrast, the center aperture can minimise
the optical loss by the aperture (Supplementary Fig. 11a middle), and thus a clear image with
small vignetting can be obtained by the monocentric lens with the center aperture.

The monocentric lens (Supplementary Table 1) that is systematically optimised for the
ambient condition shows the better focusing capability than the natural protruding monocentric
lens in the aquatic eye (Supplementary Fig. 12). Although the protruding monocentric lens with
full aperture can gather a large amount of light, which is helpful in the dim underwater
environment, its focusing capability is degraded due to the large aperture size. Furthermore,
our monocentric lens with two RI values formed comparable (or smaller in some conditions)
focal spots to those formed by the protruding monocentric lens with a parabolic RI profile and
the monocentric lens with three RI values, although the focal spot radius at wide FoV (120°)
slightly increases (Supplementary Fig. 12). In the optical simulations, all geometrical

parameters except the RI profile were set to be same in the optical systems for fair comparison.
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The distances between each lens and image plane were optimised for the FoV of 120°. The
parabolic RI profile of the protruding monocentric lens is referred from the previous report™.
The optical information for individual components of the lens was referred from the library in
the commercial software (OpticStudio 16.0), and the optical information of NOA 61 was

referred from its technical sheetS°

. The detailed information of the lens components of the
monocentric lens with three RI values is described in Supplementary Table 2. In addition, the
monocentric lens with two RI values is advantageous for the lens fabrication in terms of the

manufacturing difficulty and cost. The comparison of specifications between those

monocentric lenses are summarised in Supplementary Table 3.

Supplementary Note 3. Calculation of optical aberration coefficients

The monochromatic spot radius (Fig. 2f) and Seidel aberration coefficients (Fig. 2g)
of each optical system were calculated using the commercial software (OpticStudio 16.0). The
monocentric lens (Supplementary Table 1) was compared with control lenses, i.e., the
conventional wide angle multi-lens (Supplementary Table 4) and the homogeneous ball lens
(Supplementary Table 5). The aperture size of each optical system is set to be same. The
monochromatic spot radius formed by the monocentric lens is maintained as ~ 4 pm for all
incident angles, while that by the wide angle multi-lens increases to 13.2 um at wide angles
and that by the homogeneous ball lens is always larger than 14.5 pm.

Next, various optical aberrations of the monocentric lens are drastically reduced due
to its spherical shape and core-shell structure as well as integration with the 4-SiNR-PDAS’.
The spherical shape of monocentric lens and its integration with the 4-SiNR-PDA reduce oft-
axis achromatic aberrations such as COMA and ASTI. The on-axis achromatic aberration (e.g.,

SPHA) is also reduced due to the short optical path as the small refraction of the inner core
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with low RI compensates the large refraction of the outer shell with high RI. Furthermore, the
chromatic aberrations (e.g., CTA and CLA) as well as achromatic aberrations (e.g., SPHA,
COMA, and ASTI) are corrected due to the different RI dispersion in the core-shell structure
of the monocentric lens. Therefore, the coefficients of SPHA, COMA, ASTI, CTA, and CLA
of the monocentric lens were 6.02x107, 1.05x107, 7.90x10”, 4.30x10*, and 3.14x10,
respectively. On the other hand, the coefficients of SPHA, COMA, ASTI, CTA, and CLA of
the wide angle multi-lens were 8.33x1073, 5.97x1073, 7.02x103, 4.91x10, and 2.62X1073,
respectively. And the coefficients of SPHA, COMA, ASTI, CTA, and CLA of the homogeneous

ball lens were 1.42 X102, 4.06x1073, 2.40x107, 1.51x107, and 4.77x107, respectively.

Supplementary Note 4. Mechanical analysis on the hemispherical silicon nanorod
photodiode array

The process of attaching the 4#-SiNR-PDA to the hemispherical substrate was simulated
by using the commercial software (ABAQUS). According to the finite element analysis (FEA),
the 4-SiNR-PDA was conformally attached onto the concavely hemispherical substrate whose
radius is 7.5 mm. The tangential interaction between the 4-SiNR-PDA and the hemispherical
substrate was frictional, and the friction coefficient was set to be 0.05. The normal interaction
was a hard contact, and no separation was assumed after the contact. The hemispherical
substrate was assumed to be analytically rigid to improve the accuracy of the interaction. Both
four-node and three-node shell elements were used to model the #-SiNR-PDA. A homogeneous
shell was used to model the serpentine interconnections without metal electrodes, while a
composite shell was used to model the serpentine interconnections with metal electrodes and
the photodiodes. To simplify the computation, only the gold layer (Eau = 77.2 GPa, vay, = 0.42),

the silicon layer (Esi = 79.4 GPa, vsi = 0.22), and the PI layer (Ep1 = 2.5 GPa, vp1 = 0.34) were
6



considered in the simulation. Based on the FEA, the maximum strain induced on the silicon

layer (&si), the gold layer (eau), and the PI layer (epi) were calculated and plotted in Fig. 3c.

Supplementary Note 5. Optical simulations for light trapping by silicon nanorods

The three-dimensional rigorous coupled wave analysis (RCWA) and finite-difference
time-domain (FDTD) method were applied by using commercial software (RSoft Design
Group, USA) to engineer the structural parameters of SiNR (e.g., height and period). The fifth
diffraction order and 0.2 nm grid size were used in the RCWA to calculate the optical efficiency,
which was sufficient to numerically stabilise the results. In the FDTD simulation, the identical
grid size was exploited. The electric field distributions and absorption profiles were simulated
by the FDTD. The material dispersion and extinction coefficients for Si, which were found in
the library of the software, were adopted for obtaining exact outputs. Matlab (Mathworks, USA)
was used to reconstruct three-dimensional absorption profiles.

The electric field distribution of the bare silicon and the SiNR is shown in
Supplementary Fig. 23. At short wavelength (i.e., 430 nm), the electric fields are rapidly extinct
at the shallow depth for both cases. At long wavelength (i.e., 670 nm), most light penetrates
the bare silicon membrane of 1.25 um thickness. On the other hand, the light is diffracted by
the SiNR structure and trapped inside the SiNR membrane due to the multiple total internal
reflections, which is confirmed by evanescent fields. Such a light trapping effect enhances the

photo-absorption efficiency.

Supplementary Note 6. Imaging demonstration setup for the aquatic-vision-inspired
camera

The optical camera image of the imaging demonstration setup is shown in
7



Supplementary Fig. 29. A dome-shaped diffusive light source (MB-DL306, Metaphase
Technologies Inc., USA) offered the uniform white light illumination, and the mounted mask
fabricated by a 3D printer (Ultimaker 3, Ultimaker, Netherlands) generated objects. A scanning
process was employed to enhance the effective resolution, where the aquatic-vision-inspired
camera was rotated from -7° to 7° and -5° to 5° in the horizontal and vertical direction with the
increment of 0.7° and 0.5°, respectively. For the rotation stages, two motorised rotators (PR-
50C, Newport, USA) were perpendicularly joined, and the customised frames were used to
secure the radius of rotation. The motorised rotators were controlled by the motorisation stage
controller (ESP7000, Newport, USA).

For the real-time signal readout, a high-speed digitiser, comprised of the analog to
digital converter (ADC) chips and a field programmable gate array (FPGA) chip on a printed
circuit board (PCB), was used for the data acquisition of the 23 by 23 pixels in the A-SiNR-
PDA. Each pixel in the 4-SiNR-PDA was connected to the digitiser via the ACF. A schematic
circuit diagram showing the wiring is included in Supplementary Fig. 16. The digitiser (32 by
32 channels) worked as an interface board between the 4-SiNR-PDA and the computer for
acquiring the photocurrent information from individual photodiodes and transmitting the
acquired data to the computer (Supplementary Fig. 30). The USB-based serial communication
offered a data pathway between the computer and the digitiser. The FPGA processed the data
with the 2GHz clock speed for real-time data digitalisation. All of these electronic units can be
miniaturised by utilising an application specific integrated circuit (ASIC). Matlab was
exploited to send command signals to the motorisation stage controller and the digitiser. The
acquired photocurrent information was processed using Matlab, and the pixelated images were

rendered on the hemispherical surface whose radius is same with the RoC of 4-SiNR-PDA.



Supplementary Figures

Reference Schematic of wide angle multi-lens optics Parameters

Length: 101.6 mm
Maximum diameter: 58.2 mm
Volume: 2,703 cm?

[s1) \I‘

’ ' . Number of lenses: 11

/ P Number of lenses: 9
(2] ' ' » Length: 95.5 mm
Maximum diameter: 59.5 mm
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Volume: 1,710 cm?®

[S4] Maximum diameter: 90 mm

/ Number of lenses: 10
< (‘ . ' Length: 125 mm
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Supplementary Figure 1 | System construction, the number of lenses, dimension, and
volume of the conventional wide angle multi-lens optics. Schematic illustration (left) and

detailed parameters (right) of the conventional wide angle multi-lens optics.
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(Artificial Human eye)
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Supplementary Figure 2 | Optical analysis of a human-eye-inspired camera and a human
eye. a, Human-eye-inspired camera based on a plano-convex lens and a curved image sensor
array>®®. b, ¢, Ray-tracing simulation for an optical model®!® of the human eye with the cornea
(b) and without the cornea (¢). The incident ray over 50° is blocked by the iris in the human

eye without the cornea.
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a Compound-eye-inspired camera
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Supplementary Figure 3 | Schematic illustration and optical analysis of the compound-
eye-inspired camera. a, Arthropod-inspired compound-eye-type camera using a convex-type
array of the image sensor and micro-lens, in which each photodetector is integrated with a
micro-lensS'!. b, Diffraction limit of the corneal micro-lens (left) and the number of the micro-
lens (right) depending on its diameter. As the micro-lens diameter decreases, the pixel density

1s enhanced but the diffraction limit of the corneal micro-lens is reduced.
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Protruding monocentric lens
(1.377 < n < 1.540,
parabolic RI distribution)

Retina

Supplementary Figure 4 | Ray-tracing simulation with a theoretical model of the aquatic
eye. Ray tracing simulation for a protruding monocentric lens with the parabolic RI distribution.
The parabolic RI distribution in the monocentric lens minimises optical aberrations caused by
the high curvature of the monocentric lens and the optical dispersion. The RI of the background

water is 1.33. The aperture is set to be F/#=0.9.
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Supplementary Figure 5 | Imaging parameters. Schematic illustration showing imaging
parameters, such as the object distance (d,; distance between the object and the monocentric
lens), the image distance (d;; distance between the monocentric lens and the retina), and the

focal length (dy; distance between the monocentric lens and the focal plane).
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a Visual accommodation in the aquatic vision

Distant object Close object

Focusing by
lens movement

Long focal Ien'gth

>
Short focal length

b Visual accommodation in the human vision

Distant object Close object

Supplementary Figure 6 | Comparison of the visual accommodation in the aquatic vision
and the human vision. a, Visual accommodation in the aquatic eye by moving the protruding
monocentric lens back and forth without changing the original lens shape. b, Visual

accommodation in the human eye which requires the change of the lens shape.
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Supplementary Figure 7 | Surface profiles and roughness of each lens. a,b, Surface profile
of the half-ball lens (a) and the shell lens (b). c-e, Surface roughness of the outer surface of the
half-ball lens (c), the outer surface of the shell lens (d), and the inner surface of the shell lens
(e). Their best fit radii are 1.9998295 mm, 4.1014051 mm, and -2.0024906 mm, which are
approximately 2 mm, 4.1 mm, and -2 mm, respectively. The RMS value of each roughness is
0.0265 pm, 0.2008 um, and 0.5630 um, respectively. The peak-to-peak variation of each
roughness is 0.1665 um, 1.5061 pm, and 0.2949 pum, respectively. The edge of the lens couldn’t

be observed due to the limitation of the measurement tool.
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NOA 61

\

Half-ball lens (BK7) Aperture
1. Drop-coating NOA 61 on 2. Aligning the half-ball 3. Fixing the half-ball lens with the
the half-ball lens lens with the aperture aperture by UV curing of NOA 61
Another half-ball lens (BK7) i
4. Filling vacancy between the half-ball 5. Aligning and fixing another half-ball 6. Drop-coating NOA 61 on
lens and the aperture using NOA 61 lens on the other side of the aperture the half-ball lens

-~ Shelllens (SF16)

\ - Another shell lens (SF16)
o 2 y A -
Half-ball lens =
coated with
NOA 61 I
7. Placing the pre-fabricated shell 8. Fixing the shell lens on the half- 9. Repeating steps 7 and 8 for
lens on the half-ball lens ball lens by UV curing of NOA 61 assembling another shell lens

Supplementary Figure 8 | Fabrication of the monocentric lens. Schematic illustrations

showing the fabrication process of the monocentric lens.
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a Monocentric lens (N, > Ngy) b Monocentric lens (n;, < Ngy) Cc Background index = 1 (air)
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Supplementary Figure 9 | Focal spot radius depending on the relative size of nin and nout.
a,b, Ray tracing simulations for two artificial aquatic eyes with different RI distributions (e.g.,
Nin > Nout (@) and nin < nout (b)). ¢, Root mean square (RMS) focal spot radius of the monocentric
lens (e.g., both case of nin > nout and nin < nout) and the homogeneous ball lens (BK7; nin = nout)

for the incident lights from various angles. When ni, < nout, the smallest focal spots are formed.
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Supplementary Figure 10 | Optimised design factors of the monocentric lens. a,b, Optical
simulation of the monochromatic spot radius for various RI differences (An) (a) and for various

ratios of the inner and outer lens radius (Rin/Rout) (b).

18



a Front aperture Center aperture Rear aperture

Rear aperture

Front aperture Center aperture

Blurred Well-focused Blurred

Original object

Supplementary Figure 11 | Optical simulations with various aperture positions. a,b, Ray-
tracing simulations (a) and imaging simulations (b), in which the aperture is placed at different
positions. The red arrows in the grey dashed box shows the symbol of the aperture. The model
with the front or rear aperture position suffers from serious vignetting (i.e., the incident light is

blocked).
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Supplementary Figure 12 | Simulation of the focal spot radius for various monocentric
lens designs. The RMS spot radii for four kinds of monocentric lenses such as the natural
protruding monocentric lens with the parabolic RI profile and a full aperture, the protruding
monocentric lens with the parabolic RI profile and a small aperture, the monocentric lens with

two RI values and a small aperture, the monocentric lens with three RI values and a small

aperture.
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Monocentric lens
with -PDA (! 0’5 10

l | Intensity (a.u.)

Supplementary Figure 13 | Light intensity and spot radius of the lights from various
angles focused by the monocentric lens and detected with a flat photodetector array.
Intensity (top) and size (bottom) of laser spots for different incident angles, which are focused

by the monocentric lens and measured with the /~PDA.

21



30

== Measurement
=== Simulation

N
i

N
2

Spot radius (um)

0 10 20 30 40 50 60
Incident angle (°)

Supplementary Figure 14 | Experimental and theoretical estimation of the radius of spots
focused by the monocentric lens. The focal spot radius for different incident angles obtained
through the experimental measurement (grey) and optical simulation (red).
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Target object

di5em - 3.90 mm i 3em: 4.72 mm dj2em : 5.87 mm

d Distant object (e.g., d, = 50 cm) Close object (e.g., d, =5 cm)

30°

500 disem = 3.90 mm

Supplementary Figure 15 | Visual accommodation of the monocentric lens. a, Imaging
simulation for distant objects located at different d,. The clear images are obtained for objects
located at d, = 20 cm ~ infinity. b,¢, Imaging simulation for close objects located at various d,
(do < 5cm). The images focused by the monocentric lens with d; .- are blurred (b), but they can
be easily accommodated by adjusting d; for each d, (¢). d, Schematic illustration showing the

visual accommodation for focusing objects located at the distant (left) and close (right) position.
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Supplementary Figure 16 | Schematic circuit diagram of the passive matrix array.
Schematic circuit diagram of the array (top) and a magnified view (bottom) showing the
connection of the nanorod-textured silicon photodiode and the blocking diode in a single pixel

for the passive matrix array operation. The top inset shows an optical microscope image of the

SiNR photodiode array.
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SOl PI film

1. Spin-coating of 2. Formation of silicon nanorods by 3. Transfer-printing and
polystyrene (PS) microspheres two step dry etching patterning of silicon nanorods

Pl film Pl film Pl film

4. Al,0; passivation on 5. Polyimide (PI) film coating, VIA 6. PI film coating, VIA formation,
silicon nanorods formation, and 1%t electrode deposition and 2" electrode deposition

water-soluble tape

1 PDMS

7. Pl isolation as a 8. Pick-up the fabricated photodiode 9. Transfer printing of the photodiode
hexagonal mesh structure array using a water-soluble tape array onto the hemispherical PDMS mold

Supplementary Figure 17 | Fabrication process of the hemispherical silicon nanorod

photodiode array. Schematic illustrations showing the fabrication process of the 4-SiNR-PDA.
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Supplementary Figure 18 | Fabrication process of the silicon nanorod photodiode and the
blocking diode. The cross-sectional schematic illustrations showing the fabrication process of

an individual pixel (i.e., the SiNR photodiode with the blocking diode).

26



Supplementary Figure 19 | Hemispherical silicon nanorod photodiode array. a, Scanning
electron microscope image of the center part of the 4-SiNR-PDA (left) and a magnified view
for its individual pixel (right). b, Optical camera images of the 4-SiNR-PDA for the top (left)

and tilted (30° and 60° for middle and right) view.
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Supplementary Figure 20 | Simulation for the average absorptivity of silicon nanorods.

Contour plot for the average absorptivity of SiVR from 400 nm to 900 nm. The total Si thickness

is set to be 1.25 um.
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AlLOs
passivation

Supplementary Figure 21 | Characterisations of the silicon nanorods and ALO3
passivation layer. a, Cross-sectional TEM image of the SiNR passivated with a thin Al2O;
layer. b, EDS scan data of the SiNR. The EDS scan analyses show the elemental distribution of

Si (green; left), Al (cyan; middle), and O (red; right), and show the shape of the Al,Os layer.
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Supplementary Figure 22 | Optical characteristics of bare silicon and silicon nanorods.

a,b, Reflectance (a) and transmittance (b) of the bare silicon and SiNR in the visible spectrum

range.
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Supplementary Figure 23 | Simulation for short and long wavelength electric field
distributions. Contour plots for the electric field distribution of the bare silicon and the SiNR.

The SiNR have the period of 520 nm and height of 220 nm. A plane wave launched at Z = 3

um with the downward propagating direction was used.
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Supplementary Figure 24 | Three-dimensional absorption in the bare silicon and silicon
nanorods. a,b, Theoretical optical analyses of the three-dimensional absorption profile in the
bare silicon (a) and SiNR (b) with the thickness of 1.25 um under the illumination of the various
wavelength lights in the visible spectrum range. ¢, Simulated and measured absorption

enhancement ratio of the SiNR compared to those of the bare silicon.
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Supplementary Figure 25 | Dynamic range and photoresponsivity. a,b, Characterisation of
the dynamic range (a) and photoresponsivity (b) for the SiNR photodiode serially connected
with the blocking diode. Its dynamic range is 61.2 dB, and its photoresponsivity is 0.34 A W*!

at the light intensity of 100 W m™. Iyn indicates the photocurrent in the SiNR photodiode, and

Py indicates the intensity of the incident light.
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Supplementary Figure 26 | Photoresponse speed. a,b, Temporal photocurrent characteristics
of the bare silicon photodiode (a) and of the SiNR photodiode with Al,O3 passivation (b). The
rise time (trise) of the bare silicon photodiode and the SiNR photodiode are 290 us and 340 ps,

respectively.
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ACF hole

Monocentric lens
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Supplementary Figure 27 | Aquatic-vision-inspired camera module. Exploded schematic
illustration of the aquatic-vision-inspired camera module, comprised of a monocentric lens, a

h-SiNR-PDA, a housing, and the ACF for wiring.
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Supplementary Figure 28 | Module size of the aquatic-vision-inspired camera. Ray tracing
simulation of the aquatic-vision-inspired camera module (left). The right photograph shows the

aquatic-vision-inspired camera module compared to a quarter coin.
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Supplementary Figure 29 | Experimental setup for the imaging demonstration. Optical
camera image of the experimental setup including the data acquisition system. The shadow
mask mounted on the light source generates the object, whose image is captured by the aquatic-
vision-inspired camera. The underlying rails and rotation stages control the distances and

angles of the object.
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Supplementary Figure 30 | Schematic diagram of the customised FPGA-based data
acquisition board. For real-time signal readout, the FPGA handles the 32 by 32 channel data
with the 2 GHz clock speed. The digitiser is composed of an analog to digital converter (ADC),
a programmable gain-amplifier (PGA), a multiplexer (MUX), a digital to analog converter

(DAC), a regulated DC power, and OP-AMPs.
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Supplementary Figure 31 | Field-of-view of the aquatic-vision-inspired camera. a, The
current aquatic-vision-inspired camera with the limited FoV of 120° due to the monocentric
lens with a periphery curvature loss and the #-SiNR-PDA with the limited coverage (left). The
FoV can be improved by applying an injection molding method and by employing an image
sensor array with the more hemispherical shape (right). b, Optical simulation for the focal spot
radius when the monocentric lens with the zero curvature loss and the completely
hemispherical image sensor array are used. The focal spot radius is maintained below 10 pm

with the FoV of 160°.
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d,=20cm/ djp,,=2.95mm  d,=25cm/ di,, =295 mm  d, =30 cm/ dig,, =2.95 mm

Supplementary Figure 32 | Imaging demonstration that shows the deep depth-of-field
characteristics. All the objects, located at 20 cm (left), 25 cm (middle), and 30 cm (right), can

be imaged with a single d; - = 2.95 mm. The inset shows the original distant object.
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Object 1

Object 2

Supplementary Figure 33 | Imaging experiment to demonstrate the deep depth-of-field
and wide field-of-view characteristics. Schematic illustration of the experimental setup for
the demonstration of both the deep DoF and wide FoV imaging. The left inset shows the

original objects (i.e., triangle (object 1) and square (object 2)).
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Supplementary Figure 34 | Surface profile of the aperture and the shell lens. a, b, Surface
profile of the aperture (a) and the shell lens (b). The measured size of the ledge is 7.738 mm.
The measured aperture diameter (i.e., 2Raperture) and thickness (i.e., taperture) are 1.86 mm and

0.47 mm, respectively. The measured radius of the shell lens is 3.806 mm.
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Supplementary Figure 35 | Doping profile in the silicon nanorod photodiode. a.b,
Secondary ion mass spectroscopy result of the boron-doped (p-type) region (a) and the

phosphorous-doped (n-type) region (b).
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Supplementary Tables

Table 1 | Monocentric lens with two RI values (F/# = 2.63)

Surface R(i::l!:)s Th:f::_gss Material RI Abbe number Semi-diameter (mm)
OBJECT Infinity Infinity - - - Infinity
1 4.100 2.100 SF16 1.65 34.0 4.100
2 2.000 2.000 BK7 1.52 64.2 2.000
STOP Infinity 0.500 NOA 61 1.56 42.4 1.000
4 Infinity 2.000 BK7 1.52 64.2 1.700
5 -2.000 2.100 SF16 1.65 34.0 2.000
6 -4.100 2.789 - - - 4.100
IMAGE -7.500 - - - - 7.500

Supplementary Table 1 | Information about the lens components of the monocentric lens
with two different RI values. The radii, thicknesses, materials, RI values, Abbe numbers at d-
line (i.e., 588 nm), and semi-diameters of the lens components used in the monocentric lens

are summarised.

44



Table 2 | Monocentric lens with three Rl values (F/# = 2.63)

Surface 'Tr':r:n“)s Thz;‘}‘;‘)’ss Material RI Abbe number  Semi-diameter (mm)
OBJECT Infinity Infinity - - - Infinity
1 4.100 1.256 ADC2 1.60 55.3 4.100
2 2.844 1.096 BAFLS 1.59 52.9 3.827
3 1.728 1.728 BK7 1.52 64.2 2724
STOP Infinity 0.500 NOA 61 1.56 424 1.000
4 Infinity 1.728 BK7 1.52 64.2 3.589
5 -1.728 1.096 BAFL6& 1.59 52.9 2.724
6 -2.844 1.256 ADC2 1.60 55.3 3.843
7 -4.100 2.547 - - - 5.090
IMAGE -6.857 - - - - 6.754

Supplementary Table 2 | Information about the lens components of the monocentric lens
with three different RI values. The radii, thicknesses, materials, RI values, Abbe numbers at
d-line (i.e., 588 nm), and semi-diameters of the lens components used in the monocentric lens

with three different RI values are summarised.
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0.9
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6.4 ~7.5 ym

Water

Parabolic (1.377 to 1.540)

2,63
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1.5 ~6.1 pm

Air

120°

4.7 ~6.1 pm

Air

Three discrete Ris
(1.60 (ADC2) / 1.59
(BAFLS) / 1.52 (BKT))

Two discrete Ris
(1.65 (SF16) / 1.52 (BKT))

2,63 2,63

Supplementary Table 3 | Comparison of specifications between the monocentric lenses
with different RI profiles. The simulated FoV is 120° in all lenses. The natural protruding
monocentric lenses have parabolic RI profile from 1.377 to 1.540%. The monocentric lenses
with two different RI values and three different RI values are composed of SF16/BK7 and

ADC2/BAFL6/BK7, respectively. These lens materials were optimised through the global

optimisation process. The F-numbers were set as 2.63 for fair comparison.
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Table 4 | Conventional wide angle multi-lens (F/# = 2.63)
Surface F‘;:‘:[Lu)s Th::(:]?ss Material RI Abbe number Semi-diameter (mm)

OBJECT Infinity Infinity - - - Infinity
1 -117.300 3.162 N-SK4 1.61 58.6 18.081
2 16.378 1.168 - - - 12.724
3 17.551 6.871 SF1 1.72 29.5 12.645
4 -69.066 2.718 N-SK4 1.61 58.6 12.472

5 11.336 5.245 - - - 8.327

6 -23.402 1.765 SF1 1.72 29.5 8.304

7 -19.359 2.629 N-SK4 1.61 58.6 8.311

8 -27.730 14.427 - - - 8.218
STOP Infinity 3.797 - - - 4.202
10 -84.131 2.870 N-SK4 1.61 58.6 5.966
11 -25.071 0.267 - - - 6.654
12 325.992 4.318 N-SK4 1.61 58.6 7.078
13 -13.186 1.854 SF1 1.72 29.5 7.453
14 -53.364 9.627 - - - 8.242
15 104.798 2.629 SF1 1.72 29.5 11.229
16 30.725 0.267 - - - 11.689
17 31.138 5.613 N-SK4 1.61 58.6 11.899
18 -43.514 0.902 - - - 12.119
19 27.558 4.026 N-SK4 1.61 58.6 12.432
20 427.548 20.271 - - - 12.240
Image Infinity - - - - 7.648

Supplementary Table 4 | Information about the lens components of the conventional wide
angle multi-lens. The radii, thicknesses, materials, RI values, Abbe numbers at d-line (i.e., 588
nm), and semi-diameters of the lens components used in the conventional wide angle multi-

lens are summarised.
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Table 5 | Homogeneous ball lens (F/# = 2.63)

Surface Fi:::;s Th;f::r:t;ss Material RI Abbe number Semi-diameter (mm)
OBJECT Infinity Infinity - - - Infinity
1 4.900 4.900 BK7 1.52 64.2 4.900
STOP Infinity 0.500 NOA 61 1.56 42.4 1.000
4 Infinity 4.900 BK7 1.52 64.2 1.700
5 -4.900 3.085 - - - 4.900
IMAGE -7.500 - - - - 7.500

Supplementary Table 5 | Information about the lens components of the homogeneous ball
lens. The radii, thicknesses, materials, RI values, Abbe numbers at d-line (i.e., 588 nm), and

semi-diameters of the lens components used in the homogeneous ball lens are summarised.
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Table 6 | Image sensor specification

Image Andor Photonfocus Allied Vision Artificial Artificial fly Hemispherical Smart contact Aguatic-vision-
sensor Zylad.2 Plus Sony IMX174 Sony ICX445 human eye eye electronic eye lens inspired camera
Sfy"::' SCMOS cMOoS cco PDA PDA PDA PDA PDA
J 2
Pixelsize  65x6.5um?  5.86x5.86pm? 375x375um?  500x500 pm?  270x190 pm? 1'3"(;;3:920‘;’; MM 500x200 ym?  200x125 pm?
Number 2048x2048 19361216 1348x976 256 180 676 64 351
of pixels
cErar:knt 0.0003 nA/em?  0.0476 nA/cm?  0.1082 nA/cm?  0.5~2 nA/pixel N.A. 0.4 nA/pixel 3.95 nA/pixel 0.6 nA/pixel
D‘r"::g"‘:c 33,000:1 3,980:1 822:1 200~800:1 NA. 1950:1 258:1 >1,000:1
QE 82% 45% 56% N.A. N.A. 2.2% N.A. 58.5%
Sensor . . ' . .
shape Flat Flat Flat Curved Hemispherical Hemispherical Curved Hemispherical
Radius of Infinity Infinity Infinity ~10 mm ~7 mm ~2.27 mm N.A 7.5mm
curvature
Optical Multi-lens Multi-lens Multi-lens Single lens MI:H'(I-\EI'IS Single lens Single Iens_,
(Microlens N.A. (Monocentric
system (Relay lens) (Relay lens) (Relay lens) (Plano-convex) (Plano-convex)
array) lens)
Reference S12 S13 S14 S8 S11 S15 S16

Supplementary Table 6 | Specifications of the image sensors. Comparison of the state-of-

the-art image sensors (red) and bio-inspired image sensors (blue) in terms of a sensor type, a

pixel size, the dark current, a dynamic range, a quantum efficiency (QE), a sensor shape, the

radius of curvature, and the optical system. The commercial ones show the exceptional spatial

resolution and sensitivity due to the small pixel size and low dark current. However, the bio-

inspired image sensors can simplify the optical system configuration. Among the bio-inspired

image sensors, the aquatic-vision-inspired camera demonstrates the low dark current, the high

QE, and the hemispherical shape of the image sensor array.
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