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An aquatic-vision-inspired camera based
on a monocentric lens and a silicon nanorod
photodiode array
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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-
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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
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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,;, =2.95 mm. 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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