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ABSTRACT: Underwater optics in all-aquatic environments is vital
for environmental management, biogeochemistry, phytoplankton
ecology, benthic processes, global change, etc. Many optical techniques
of observational systems for underwater sensing, imaging, and
applications have been developed. For the demands of compact,
miniaturized, portable, lightweight, and low-energy consumption, a
novel underwater binocular depth-sensing and imaging meta-optic
device is developed and reported here. A GaN binocular meta-lens is
specifically designed and fabricated to demonstrate underwater stereo
vision and depth sensing. The diameter of each meta-lens is 2.6 mm,
and the measured distance between the two meta-lens centers is 4.04
mm. The advantage of our binocular meta-lens is no need of distortion
correction or camera calibration, which is necessary for traditional two-
camera stereo vision systems. Based on the experimental results, we developed the generalized depth calculation formula for all-size
binocular vision systems. With deep-learning support, this stereo vision system can realize the fast underwater object’s depth and
image computation for real-time processing capability. Our artificial intelligent imaging results show that depth measurement
accuracy is down to 50 um. Besides the aberration-free advantage of flat meta-optic components, the intrinsic superhydrophobicity
properties of our nanostructured GaN meta-lens enable an antiadhesion, stain-resistant, and self-cleaning novel underwater imaging
device. This stereo vision binocular meta-lens will significantly benefit underwater micro/nanorobots, autonomous submarines,
machine vision in the ocean, marine ecological surveys, etc.

KEYWORDS: meta-lens, binocular vision, underwater depth sensing, stereo vision, deep learning

B INTRODUCTION importantly, measured objects may be inaccessible for bulky
and sophisticated equipment in all-aquatic environments with
limited and fragile space, such as underwater pipes,
autonomous mini-submarines, and living organs. There is a

The eyes are the primary organs for most animals to acquire
visual information. In nature, there are many kinds of animals
that have two eyes. It is well acknowledged that eagles are

famous for their eyesight, and their eyes are among the best strong demand for a miniaturized meta-device system for
stereo vision in the animal kingdom." Many of us have heard underwater imaging and sensing with all the needs of
the phrase “eagle eye” to praise someone with sharp eyesight. compactness, multifunction, durability, portability, lightness,
Eagles are also fishing masters. For bald eagles, fish comprise etc., in all-aquatic environments. These demands are of great
about 70% of the year-round diet.” With excellent stereo importance for the underwater optical science of environ-
vision, eagle can accurately judge the depth of underwater fish. mental management, biogeochemistry, phytoplankton ecology,
The key to the eagle’s super-stereoscopic sense is the highly benthic processes, global change, etc.

overlapping binocular vision. When the left eye and right eye A meta-lens is an emerging flat optical device that can
observe simultaneously, spatial offsets of the images are control and focus the wavefront of light by subwavelength

acquired. This offset is called binocular disparity. The

magnitude of disparity is strongly related to the depth at

which the object is viewed. Through disparity analysis, eagles

can establish a three-dimensional perception of the scene. Such

a binocular stereovision system is of great reference value for

underwater machine vision. Received: October 22, 2022
The conventional binocular machine vision system is Published: January 19, 2023

composed of two cameras. There is a complex data

transformation to calibrate two-camera systems.” The

complicated configuration leads to bulky physical size. Most

4-9 . . :
nanoantennas. Various nanoantennas with different struc-
tures can provide required modulations of phase, amplitude,
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Figure 1. Scenario schematic of the underwater binocular meta-lens vision system. A pair of meta-lenses are fabricated on the same substrate and
share one imaging CCD sensor. The disparities of binocular images can provide the depth of the imaging scene.

polarization, etc., for wide applications.'"™"® The design of the
meta-lenses or the light field information process acquired by
meta-lenses can be supported by artificial intelligence to realize
specific functionalities or complex data analysis.'” ' In the
meantime, meta-lenses have the advantages of being light-
weight and ultrathin, having a small footprint, having no
spherical aberration, etc. There are some studies discussing
depth-sensing systems based on meta-lenses. For example, the
light field camera mimics the fly’s compound eye for depth
information through a large-scale meta-lens array,”*~>* and the
trilobite-inspired bifocal light field camera provides a long
depth of focus,™ respectively. Some other indirect methods,
such as imaging magniﬁcation,26 dispersion characteristics,””
and polarization transmittance imaging,”® were also used for
estimating an object’s distance. However, previously reported
results such as bifocal meta-lens learning from jump spiders to
compute the depth via a point spread function (PSF)*” and a
double-helix PSF (DH-PSF) meta-lens**™** showed limited
accuracy and range in depth sensing.

For extending the scenario of imaging and depth sensing for
underwater targets, we implement underwater imaging with a
binocular meta-lens device. Precise imaging, dense and
accurate depth mapping, and compact configuration are
necessary for underwater depth imaging research. For this
demand, a pair of meta-lenses are specifically designed and
fabricated on the same plane. The diameter of each meta-lens
is 2.6 mm, and the centers of the two meta-lens are 4 mm
apart. The focal length of two meta-lenses is designed to be 10
mm for the working wavelength of 532 nm. Because of the
relatively large diameter of the meta-lens, no relay optical lens
is required for our binocular meta-lens system. With no
spherical aberration, our flat binocular meta-lens is located at
the same plane, which is free of distortion correction and does
not need system calibration. Considering the aquatic environ-
mental conditions, we use GaN for our binocular meta-lens
device. GaN is chemically and mechanically stable and has
excellent endurance for extreme conditions. Our nano-
structured GaN meta-lens is superhydrophobic, which is
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suitable for underwater environments with antiadhesion,
stain-resistant, and self-cleaning properties.

The scenario schematic of our underwater binocular meta-
lens stereo vision is shown in Figure 1. Our binocular meta-
lens is compact for working in a cramped and harsh aquatic
environment. The system consists of a filter, binocular meta-
lens, and a CMOS sensor. With captured images of a tube and
multiple fish, the disparity imaging data are extracted through
the matching algorithm, and the depth calculation formula can
provide the stereo vision (Figure 1 inset at bottom right). Fast
and accurate depth imaging can be acquired by our novel
binocular meta-lens vision system.

B METHODS

For the underwater stereo vision system, a monochromatic
binocular meta-lens is designed and fabricated. In the design,
the 532 nm light is modulated by the GaN cylindrical
nanoantennas of the meta-lens. Each nanoantenna provides
different phase modulation, which relates to the nanostructure
geometry. The height of the nanoantenna is 750 nm, and the
diameter varies from 90 to 196 nm with a period of 260 nm
(see Supporting Information Figure S1). The polarization-
independent phase modulation covers the 27 range by
changing the diameter of the cylindrical GaN nanostructure.
The data of phase shift and transmission intensity are derived
from numerical simulation with the commercial software
COMSOL Multiphysics. Different nanoantennas are arranged
according to the focusing phase. The focusing phase profile is
derived from eq 1.

00, 2) = | 2 )| o

where ¢(r, 1) is the required phase at a distance away from the
meta-lens center r under the working wavelength 4, and f is the
designed focal length. The diameters of the two meta-lenses
are 2.6 mm, and the designed focal length is 10 mm. The
separation of two centers of the meta-lenses is 4 mm.
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Figure 2. Optical and SEM images of the binocular meta-lenses and zoomed-in pictures. (a) Optical image of binocular meta-lenses fabricated on
the substrate. (b) Optical photograph of one binocular meta-lens with a diameter of 2.6 mm. (c) The zoomed-in top-view SEM image. (d) The

zoomed-in tilted-view SEM image at the edge of the meta-lens.

The binocular meta-lens is fabricated by the standard
semiconductor microelectronics process using e-beam lithog-
raphy (EBL) and several etching processes. A double-sided
polished c-axis sapphire substrate is prepared for a 750 nm
thick GaN layer grown using metalorganic chemical vapor
deposition (MOCVD). A SiO, layer, 200 nm in thickness, is
deposited on the GaN layer using an electron-gun evaporator.
This SiO, layer is the hard mask for etching the high aspect
ratio GaN nanostructures. A 200 nm thick positive photoresist,
PMMA, is spin-coated onto the sample and baked at 180 °C
for 3 min. The designed layout of the meta-lenses can be
transferred to the photoresist layer by using the EBL system
(ELS-HSS0, ELIONIX INC.). After the e-beam writing, the
sample is developed via a 1:3 methyl isobutyl ketone (MIBK)/
isopropyl alcohol (IPA) solution for 75 s and rinsed with IPA
for 20 s. A Cr layer of 40 nm thick is deposited on the sample
using an electron-gun evaporator. The lift-off process is
performed in acetone to remove the photoresist. The layout
is transferred to the Cr layer, which is the hard mask for
etching the SiO, layer. The SiO, layer is etched by an
inductively coupled-plasma reactive ion etching (ICP-RIE)
system (Samco, RIE-200iPT) with CF, gas for transferring the
pattern from the Cr mask. A chromium etchant can remove the
residual Cr layer. The second ICP-RIE step, with a mixture of
gas (Cl, and Ar), is used to form the GaN nanopillars with a
high aspect ratio. The remaining SiO, mask layer can be
removed by wet etching using a buffered oxide etch (BOE)
solution. Finally, the needed GaN nanopillars remain on the
sapphire substrate. Figure 2(a) shows the optical image of the
binocular GaN meta-lens fabricated on a sapphire substrate.
The bare eyes can well recognize two meta-lenses. Figure 2(b)
is the optical picture of one of the binocular meta-lenses, which
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is clean with a sharp edge. The specific cylindrical
nanostructures can be observed by the scanning electron
microscope (SEM), as shown in Figures 2(c) and 2(d). From
the zoomed-in top-view SEM image in Figure 2(c), the
cylindrical nanoantennas are well-defined and arranged
according to the focusing phase profile. The zoomed-in
tilted-view SEM image at the edge of the meta-lens shown in
Figure 2(d) demonstrated the nanoantennas of our fabrication
are sharply demarcated.

B EXPERIMENTAL RESULTS AND ANALYSIS

Binocular Meta-lens. The focal length of two meta-lenses
is measured and characterized (see Supporting Information
Figure S2). A 532 nm wavelength continuous-wave laser beam
is shaped into parallel light by a beam expander to cover the
meta-lens fully. A motorized stage is adopted to control the
image distance accurately. The focusing profiles of two meta-
lenses on the y—z plane are shown in the Supporting
Information Figure S3. The measured focal lengths of the
left and right meta-lenses are 9.994 mm and 9.996 mm, close
to the designed focal length of 10.0 mm. By establishing a
relative coordinate system, the separation of two meta-lens
centers is measured at 4.041 mm. According to eq 2, the
theoretical spatial resolution of the 0.13 numerical aperture
(NA) meta-lens is 2.05 ym for the working wavelength of 532
nm.

0.51

Spatial resolution = ——, NA
NA

)
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Figure 3. Performance analysis of the binocular meta-lens stereo vision system. (a) Photo of our binocular meta-lens system. The inset in the lower
left is a sketch of the internal structure. (b) Photo of the contact angle of a water droplet on the surface of the meta-lens. Inset image in the upper
right shows a water droplet’s contact angle on the substrate’s surface. (c) Picture of the checkerboard taken by our binocular system with horizontal
(green) and vertical (red) lines. (d) Imaging range definition with morphological segmentation annotations by photographing a large bright object.
Red circles annotate the imaging boundary. The blue line crosses the two principal points obtained by morphological analysis. (e) Intensity
distribution along the blue line in (d). (f) Chart of an underwater disparity-depth function curve with measured data. The inset is the STD

distribution of measured disparity.

, where A is the working wavelength, NA is the numerical
aperture, D is the diameter of the meta-lens, and f is the focal
length.

The measured full width at half-maximum (FWHM) of the
focal spot is 2.42 um in both horizontal and vertical directions
(see Supporting Information Figure S4). The experimental and
theoretical values are in good agreement. Our binocular meta-
lens can work in almost the entire visible region, 420—650 nm
(see Supporting Information Figure SS). Measured focusing
efficiency reaches 74% at the working wavelength of 532 nm.
The focusing efficiency can be calculated by dividing the total
light intensity of the focal point area at the focal length from
the sample surface by the total light intensity of the meta-lens
area (equal to the size of the meta-lens) at the sample surface.
Focusing efficiency reflects the ability of the meta-lens to
modulate the wavefront of incident light. The focusing
performance in water is experimentally measured for our
binocular meta-lens. The characterization comparison in air
and water is reasonable, and the imaging capability of our
meta-lens is close to the diffraction limit in water (see
Supporting Information Figures S6—S8).
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Spherical Aberration Free and Superhydrophobicity.
Figure 3(a) displays our binocular meta-lens stereo vision
system. It consists of a GaN binocular meta-lens, a color filter,
and a CMOS sensor. The meta-lens can achieve focusing by
modulating the phase and amplitude of the incident light with
nanoantennas. The intrinsic property of the GaN nano-
antennas is superhydrophobicity. Figure 3(b) shows the
experimental measurements of the contact angles of a 3 uL
water droplet at the surface of our GaN meta-lens and its
sapphire substrate are 150.99° and 73.14°, respectively (see
Supporting Information Figure S9 for experimental setup).
The contact angle of a GaN surface usually is less than 90
deg.” Result of an over 150° contact angle demonstrates the
superhydrophobicity of our GaN nanopillar structure. The
superhydrophobicity properties of our nanostructured GaN
meta-lens will enable an antiadhesion, stain-resistant, and self-
cleaning34 novel underwater imaging device, which is an
advantage for underwater all-aquatic optical measurements. In
the meantime, the nanoantennas’ uniform height makes our
meta-lens a flat optical component; that is, it is inherently free
from spherical aberration. The imaging performance analysis of
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our binocular meta-lens stereo vision system is displayed in
Figures 3(c)—3(f). The image of the checkerboard shown in
Figure 3(c) shows both of the auxiliary lines, horizontal lines in
green and vertical lines in red, have no “bumps” or
“depressions”; that is, there is no distortion. The imaging
results of our binocular meta-lens demonstrate there is no
spherical aberration. Usually, the traditional commercially
available binocular cameras always need a complex coordinate
system transformation to calibrate two image planes of two
cameras. Two images must be strictly aligned in the horizontal
direction so that the epipolar lines of the two images are
exactly on the same horizontal line. In this way, any point on
one image and its matching point on another image must have
the same row number, and only a one-dimensional search on
this row is needed to match the corresponding point. In our
system, two meta-lenses are fabricated on the same substrate
and share the same CMOS sensor. The epipolar lines of the
two images are naturally on the same horizontal line (see green
auxiliary lines in Figure 3(c)).

Generalized Depth Calculation Formula for All-Size
Binocular Vision Systems. The traditional depth calculation
formula of bulky commercial binocular lenses is

fo

dist = >~
ps (dlSp + doffs)

©)

, where dist is the depth from the object to the binocular
lenses, f is the focal length, b is the baseline which is the
separation distance of the centers of two lenses, ps is the
physical pixel size of the sensor, disp is the computed disparity
in pixel units, and d g, is the x-offset of principal points caused
by the misalignment of the lens and sensor chip. The principal
point is the optical axis cross point at the image plane, also
known as the image center. In a conventional and bulky
camera system, the principal point is usually not exactly located
at the sensor’s center. In other words, the center of the CMOS
sensor chip is not on the optical axis of the imaging lens.
Therefore, commercial cameras usually provide two internal
parameters, c, and c,, which are the x and y coordinate offsets
relative to the principal point in the pixel coordinate system.
When a binocular vision system uses two cameras with
different internal parameters, i.e., the ¢, are different, we can
consider that the x-offset of two principal points of cameras is
dots = €1 — €4 (1 and O denote the left and right camera,
respectively). In case two cameras are similar, i.e., c,; — ¢, and
with no offset, the d g is 0. When two lenses simultaneously
acquire the optical image information, in case their optical axes
are not perpendicular to the imaging plane, we need to modify
eq 3 as

fo

ps*ldisp + d g + Oyl

dist =

(4)

The additional term, Oy, is the x-difference of principal point
shifts caused by the tilts of the optical axes. Oy varies with the
image distance. To obtain the Ogg we can take a picture of a
large bright object, as shown in Figure 3(d). The image with
sharp exposure boundaries of the two lenses can be acquired.
Threshold-based morphological analysis can yield the imaging
boundaries of the two lenses, annotated as red circles in Figure
3(d). With the segmented boundaries (red circles), we can
easily compute the morphological center coordinates of the
two circular areas, which are (x, y,) and (x;, y;). The
morphological centers (image centers) are the principal points
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of two lenses. When the binocular lenses are correctly aligned,
o will be equal to y,. Cutting a line in Figure 3(d) along y = y;
=y, (blue line), we can have the light intensity distribution as
displayed in Figure 3(e). From Figure 3(e), we found the
principal points are the apexes of the two intensity peaks. The
separation of two principal points is

B = lx, — x,"ps (5)
, where ux, is the x-coordinate of the left image center and «; is
the x-coordinate of the right image center. The x-difference of
principal point shifts Ogg can be shown in pixel unit by eq 6,

b—B
ps

Oy =

(6)

With this additional term, Og; eq 4 can be used for all-size and
various configurations of the binocular lens system, i.e., a more
generalized depth calculation formula.

For our binocular meta-lens stereo vision system, two meta-
lenses share the common CMOS sensor. The image size is
smaller than the sensor size. The coordinates of the principal
point can be found by the morphological analysis. There is no
misalignment problem between the lens and sensor. Therefore,
d g, is 0 for our binocular meta-lens system. The focal length of
our meta-lens is 10 mm, the measured baseline is 4.041 mm,
and the pixel size of the adopted CMOS sensor is 3.45 ym.
The experimental imaging results provide us with the value of
Ogi. We can experimentally verify eq 4 by conducting the
underwater z-axis scanning measurements using our binocular
meta-lens stereo vision system. A flat pattern board is placed in
front of our binocular meta-lens and moves at 10 mm intervals
from 44 mm to 294 mm. At each movement, one photo is
taken for disparity computation. The average disparity of a
region of interest (S00 X 280 pixels) is recorded as one
measurement data at a corresponding depth. Figure 3(f) shows
the experimental results of depth versus disparity. The red dots
are measured data with standard deviation (STD) error bars.
The error bar is too short to be seen; therefore, an inset of
STD distribution is provided in Figure 3(f). All the calculated
STD values of disparity are less than 1 pixel. The measured
STD values of depth are all less than 0.35 mm (see Supporting
Information Figure S10). The small STD values indicate the
measurements are stable and confident. To obtain the function
curve of the depth calculation formula (eq 4) for this
experiment, the term Ogg needs to be calculated. In the
experiment, the coordinates of the two principal points in the
pixel coordinate system are (1292, 1031) and (2834, 1031).
According to eq S and eq 6, the calculated x-difference of
principal point shifts, Oy, is equal to —370.7 pixels. According
to eq 4, we could have the function curve of the blue line
shown in Figure 3(f). Results showed that all the measured
data (red dots) are on the function curve (blue line). The
experimental measurements agree with the generalized
formula, eq 4. We have demonstrated that the generalized
formula fits the all-size binocular stereo vision system.

Underwater Imaging and Depth Sensing. An under-
water imaging and depth sensing experiment in the aquarium is
conducted to test the three-dimensional imaging capability of
our meta-lens stereo vision system (see Supporting Informa-
tion Figure S11). Various marine toy animals are placed in
different positions in the aquarium. We adopt the Pyramid
Stereo Matching Network (PSMNet)®® to process the
binocular images for disparity computation. With the graphics
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Figure 4. Underwater depth-sensing results. The left column is the raw image captured by the left meta-lens. The middle column is the depth map.
The right column is the integration of two images. The depth map and the merged image share the color bar on the right. The depth is the distance
from the object to the binocular meta-lens. (a) A tube ranges from 7.8 to 16 cm, and an octopus sticker is placed at a 12 cm distance. (b) A toy fish
is located at a 15 cm distance. (c) Three toy fish are positioned at 14.5, 22, and 28 cm distances, respectively.

processing unit NVIDIA GeForce RTX 3080, the processing
time is about 0.15 s. Compared with the conventional method
of stereo block matching, their disparity computing capabilities
are on par. The disparity computation results are both correct
and fit the outline of the object (see Supporting Information
Figure S12). However, the parameter adjustments are tedious
in the conventional stereo block matching method. It may take
a few minutes to acquire the best results. With comparable
performance, the deep-learning method is better for real-time
processing. Given the calculated disparity mapping, eq 4 could
be used for the depth mapping. Figure 4 demonstrates
corresponding underwater depth sensing results with deep-
learning support. Three sets of images are shown in Figure 4,
and each set is arranged from left to right as the raw image
captured by the left meta-lens, depth mapping image, and the
integration of two images. The integrated image is a
superposition of 70% of the raw image intensity and 30% of
the pseudocolor depth mapping. The purpose of integrated
images is to show the edge fit for the raw and depth mapping
images. The depth is the distance from the object to the
binocular meta-lens. To simulate a narrow underwater channel
scenario, we place a tube in the aquarium, as shown in Figure
4(a). The diameter of the tube is fixed. The pattern on the

2387

inner wall of the tube reflects the imaging law of “everything
looks small in the distance and large on the contrary”. The tube
in the image ranges from 7.8 to 16 cm, which agrees well with
the depth-sensing result. An octopus sticker is placed in the
tube 12 cm away from the binocular meta-lens. Figure 4(b)
displays the scenario of a single toy fish placed at 15 cm. Figure
4(c) shows the multiobject scene, where three fish are placed
at 14.5, 22, and 28 cm, respectively. From the depth mapping,
all the depth-sensing results are correct. As shown in the
merged image, the edges are also well-defined. Our binocular
meta-lens can clearly distinguish underwater objects. Similarly,
we also experimentally confirm the three-dimensional imaging
and depth sensing of the scenario for the nonplanar object (i.e.,
even gradient depths can be accurately sensed), single object,
and multiobject in the air (see Supporting Information Figure
S13). All the experimental results demonstrated our binocular
meta-lens stereo vision system is feasible for all-aquatic
environments.

The distance from the binocular lens to the CMOS sensor is
related to the computational accuracy limit. To have a clear
and high-resolution image at a far distance from the binocular
lens, the distance has to be small from the binocular lens to the
CMOS sensor. The CMOS sensor should be at the focal length
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for objects at infinity. Generally, the depths of our application
scenario are much larger than the focal length. In eq 3 and eq
4, normally, the distance of the sensor could be approximated
by focal length f, but the Oy of eq 4 will be changed according
to this distance. The accuracy limit decreases when this
distance increases (see Supporting Information Figure S14). In
our binocular meta-lens experimental measurements, the
computational limit accuracy can reach 43.8 um in the range
where the sensor distance can be approximated as the focal
length. In our experiments, results show an accuracy limit
reaches 50 um, which agrees well with the point spread
function of our meta-lens in the optical axis (see Supporting
Information Figure S15). For our binocular meta-lens system,
the baseline, diameter of the lens, and numerical aperture are
relatively small compared to the traditional and bulky camera
lens, and the stereo vision model is susceptible to the shifts;
that is, our binocular meta-lens system can provide a high
sensing accuracy.

B CONCLUSION

In this work, we demonstrate an optical underwater stereo
vision system based on a novel binocular GaN meta-lens,
which is specifically designed and fabricated. The system
configuration is miniaturized and integrated. Our stereo vision
system more flexibly matches various scientific and technical
application scenarios than commercial binocular camera lenses.
As a flat meta-optic device, there is no spherical aberration or
image distortion. The design of the common substrate
fabrication eliminates the tedious prerequisites of system
calibration. GaN-based lens elements are stable in a wide
variety of application environments and even extreme
conditions. The intrinsic superhydrophobicity property of the
nanostructured GaN meta-lens brings the advantages of
antiadhesion, stain-resistance, and self-cleaning. We have
developed the depth calculation formula for all-size binocular
vision systems. Our stereo vision system can realize fast and
intelligent depth imaging with deep-learning support. Three-
dimensional imaging and depth sensing of a nonplanar object,
single object, and multiobject were successfully implemented
underwater or in the air. A 50 ym depth-sensing accuracy was
demonstrated in experimental measurement results. We trust
this novel meta-device with accurate three-dimensional
imaging could be widely applied to underwater micro/
nanorobots, autonomous mini-submarines, all-aquatic machine
vision, marine ecological survey, etc.
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