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Abstract: Spatial differentiator is the key element for edge
detection, which is indispensable in image processing,
computer vision involving image recognition, image
restoration, image compression, and so on. Spatial differ-
entiators based on metasurfaces are simpler and more
compact compared with traditional bulky optical analog
differentiators. However, most of them still rely on complex
optical systems, leading to the degraded compactness and
efficiency of the edge detection systems. To further reduce
the complexity of the edge detection system, a monolithic
metasurface spatial differentiator is demonstrated based
on asymmetric photonic spin-orbit interactions. Edge
detection can be accomplished via such a monolithic
metasurface using the polarization degree. Experimental
results show that the designed monolithic spatial differ-
entiator works in a broadband range. Moreover, 2D edge
detection is experimentally demonstrated by the proposed
monolithic metasurface. The proposed design can be
applied at visible and near-infrared wavelengths by proper
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dielectric materials and designs. We envision this
approach may find potential applications in optical analog
computing on compact optical platforms.
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1 Introduction

Edge detection captures the edge information and provides
the most significant outlines of an image or an object,
which has been widely applied in image processing and
computer vision owning to the high processing speed and
low data volume [1-4]. The most important process for
edge detection is differentiation, a process generally
operated by a spatial differentiator, either in a digital
computation or an analog computation way [5-7].
Compared with digital computing, optical analog
computing can process parallel information with high
efficient and low power consumption, holding great po-
tential in real-time detections [8-11]. However, in the
traditional optical computing system, a 4-F optical system
containing at least two lenses and a spatial filter is required
for Fourier transform and inverse Fourier transform, which
is bulky and complicated, hindering the applications in
modern optoelectronics with high integration level.
Metasurfaces [12-15], single or few-layer sub-
wavelength structures which are capable of modulating
the phase, amplitude, and polarization of electromagnetic
waves [16-19], have provided new strategies for various
optical elements and systems including flat lenses [20-22],
holograms [23-25], electromagnetic stealth [26-28], vortex
beam generator [29], tunable optical components [30, 31],
flat displays [32, 33], and so on. Notably, optical spatial
computing based on metamaterials including differ-
entiators, integrators, and equation solvers is proposed by
Silva et al in 2014 [34], opening new avenues for optical
analog computing. Since then, various differentiator met-
asurfaces are developed based on photonic crystals [5, 35],
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spin Hall effect [36], surfaces plasmons [37], high-contrast
gratings [8], and Pancharatnam-Berry (PB) phase [38, 39].
However, additional prisms or lenses are still required for
plasmon coupling or Fourier transform in those applica-
tions [37, 40], which is incompatible with the flat and
compact optical systems. Besides, many metasurface
spatial differentiators work only in 1D edge detection [8, 9,
35, 36], restricting the practical applications in image
recognition and processing.

To achieve a monolithic metasurface for spatial differ-
entiation, the focusing and differentiation abilities should be
integrated into one metasurface, which can be realized by
asymmetric photonic spin-orhit interactions (PSOIs) of light.
Here, we propose a monolithic metasurface spatial differ-
entiator for edge detection without any additional lenses.
Spin-dependent PB phase and spin-independent propagation
phase are merged to arbitrarily and independently manipu-
late wavefronts of two converted spins, leading to asymmetric
PSOIs of light [41, 42]. It is demonstrated that the monolithic
metasurface is capable of forming both left-handed circularly
polarized (LCP) and right-handed circularly polarized (RCP)
images when illuminated by a linear polarized (LP) light and
the edge image is acquired by using an orthogonal linear
polarizer. The independent manipulation on LCP and RCP
lights of the proposed monolithic metasurface enables edge
detection without the 4F system, leading to edge detection
systems with higher integration level and compactness. Four
samples (three for 1D differentiation with different edge res-
olutions and one for 2D differentiation) are fabricated to
demonstrate the tunable resolution at different orientations
and 2D edge detection, respectively. The monolithic meta-
surface spatial differentiator works at a broadband with an
edge resolution of about 49.4 um. Notably, by integrating the
linear polarizer into the metasurface, the overall compactness
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Figure 1: Schematic of the proposed monolithic metasurface.
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can be further improved. This work is helpful for the appli-
cations of monolithic metasurface in edge detection and the
multifunctionality of other monolithic metasurfaces based on
PSOls.

2 Theoretical analyses

The principle of the monolithic metasurface spatial dif-
ferentiator is based on asymmetric PSOIs, as shown in
Figure 1. When the LP light illuminates on the object and
passes through the metasurface, the LCP and RCP images
are formed at different positions with a slight distance due
to the independent manipulation on the wavefronts of both
LCP and RCP light. By inserting a linear polarizer, the
overlapped LP light is eliminated, leaving the edge image.
It is worth noting that traditional metasurfaces edge
detection performs differentiation operations in the spatial
Fourier domain by using the 4-F optical system, while the
metasurface in this manuscript can manipulate the image
directly, enabling a monolithic metasurface spatial
differentiator.

For simplicity, we first analyze the mechanism of 1D
edge imaging. Under the illumination of the LP light along
the x-axis, the proposed metasurface can project two im-
ages of the object with a transverse shift of +A, corre-
sponding to LCP and RCP images, respectively. Thus, the
image can be expressed as

Eimage (x,¥) = Eo[ (x = A), Y] [ _11] +Eo[ (x +4),y] [ 1 ] m

When A is far smaller than the imaging distance, the phase
difference between the LCP and RCP components at the same
point can be ignored. As a result, the overlapped area of the

(@) The monolithic metasurface for left-handed circularly polarized (LCP) and right-handed circularly polarized (RCP) imaging with an opposite
shift along the phase gradient direction (x-axis in this figure). (b) A linear polarizer is applied to eliminate the LP image of the overlapped LCP

and RCP images for edge detection.



DE GRUYTER

LCP and RCP images retains the original incident polarization
state and thus can be filtered with an orthogonal linear
polarizer. Then, the final edge can be expressed as [38]

s (09) = Ea s 0] Bl e-0031) [ § | @

If the A is small enough, the edge information along the
x-axis is recorded, which is tunable by adjusting the shift
distances between LCP and RCP images. This description
suggests that the proposed metasurface can generate two
different phase distributions for LCP and RCP light. In
accordance with the aforementioned analysis, the two-
phase distribution can be written as

Py (X, ¥) = —ko (X2 + Y2 + 2 + kox

ks = akg sin(

€)

where f'is the focal length; k, = 277/A is the wavenumber in
free space; o = +1 indicates RCP and LCP light; k, corre-
sponds to the additional horizontal momentum [43], { de-
termines the degree of separation between LCP and RCP
images. When (is small enough, the shift value A along the
x-axis can be approximately equal to {v, where v indicates
the imaging distance and {'should be converted to radians.
Thus, the edge width depends on the separation and the
resolution of the obtained edge images is limited by the
diffraction limit of the designed metasurface due to the
nearly perfect focusing phase distribution as indicated by
Eq. (3). For 2D edge detection, the aforementioned phase
distribution should be modified as

¢, (xy) =

—ko \/x2 +Y2 + 2+ ke \ X2 +)? (4)

The independent control of LCP and RCP light is the
key for edge detection with a monolithic device, which can
be realized by asymmetric PSOIs. For simplicity, assuming
a lossless anisotropic subwavelength structure with the
phase shift of 8 + §/2 along its major and minor axes, the
Jones matrix can be described as diaglexp(if + i6/2),
exp(iB — i6/2)]. After being rotated by 6 along the optical
axis and under the normal illumination of circularly
polarized (CP) light of [1 - io]”, the output optical field can
be given as [41, 44]

cossew[ 1 ] —i sinéei(’z‘w*ﬁ) [ 1
2 -10 2 10

)

From the Eq. (5), the flipped spin component carries not
only spin-independent propagation phase f but also spin-
dependent PB phase -206. The propagation phase can
break the conjugation symmetry of optical fields generated
by PB-based metasurfaces, leading to asymmetric PSOIs.
Such two phases can be independently controlled by
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changing the size and orientation of the subwavelength
structure, respectively. Then, the propagation phase and
orientation at the coordinate (x, y) can be given as

Bley) =516, 063) + b, (0y)] ©

006y) = [6.406Y) - &, (v1)] )

where ¢,(x, y) and ¢_;(x, y) are independent phase distri-
butions for o = +1.

3 Simulation and sample
fabrication

As a proof-of-concept demonstration, a metasurface spatial
differentiator that works at 10.6 pm has been designed and
fabricated. The unit cell is a chamfered pillar on the sub-
strate and silicon is chosen as the dielectric material because
of the straightforward fabrication processes and negligible
loss at the infrared band, as illustrated in Figure 2a. The
pillars with the same height of H = 7 pm but different
transverse sizes (width W and length L) and orientations 6
are mounted on the hexagonal unit cells with a lattice
constant of P. Because such high-contrast pillars can work
as weakly coupled low-quality-factor Fabry-Pérot resona-
tors, propagation and PB phases can be independently
controlled by changing the size and orientation [45]. Eight
unit cells with an incremental propagation phase of ~m/4 are
designed at the wavelength of 10.6 um, with their propa-
gation phase and transmittances shown in Figure 2b. As can
be seen, a 0-2m phase coverage, high cross-polarized
transmittance, and low co-polarized transmittance are
realized by these eight unit cells, which indicate that all the
unit cells approximately work as a local half-wave plate,
thatis, 6 = t. In fact, the unit cells of the metasurfaces cannot
behave like a perfect half-wave plate, indicating the exis-
tence of the co-polarized lights. However, the co-polarized
LCP and RCP lights will not be separated and the polariza-
tion states remain unchanged, and thus, the merged light is
still LP, which will be filtered by the orthogonal linear
polarizer. Consequently, the remaining co-polarized trans-
mittance lights only decrease the efficiency of the metasur-
face spatial differentiator and cannot contribute to the
differential functionality. In accordance with Egs. (6) and
(7), four edge detectors are designed with the same diameter
of 1 cm and a focal length of 2 cm working at 10.6 pum. These
four samples correspond three 1D edge detectors (denoted
by S1, S2, and S3 with respective {= 0.1, 0.075 and 0.05°) and
one 2D edge detector (denoted by S4 with = 0.05°).
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Figure 2: Design and simulation results of the unit cells.
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(@) Schematic images of the unit cell and scanning electron microscope (SEM) images of the samples. A hexagonal shape is designed because
the circular symmetry of the hexagonal shape is higher than the square, leading to more uniform responses of the unit cells at different

rotation angles for Pancharatnam-Berry (PB) phase. The period P of the unit cell and the height H of the pillar are 4.8 and 7 pm, respectively.
The edges of the pillar in this design are bent by a radius of W/4, where W is the width of the pillar. (b) Simulation results of eight unit cells
including co-polarization, cross-polarization transmittance and propagation phase at 10.6 pm. The sizes of unit cells 1-4 are L = 3.8, 3.45, 3.1,

3.5 pm and W =1.75, 1.6, 1.43, 1 um, respectively. The results of unit

The metasurfaces are fabricated by the laser direct
writing and inductively coupled plasma (ICP) etching
processes. Specifically, 1-pm thick positive photoresist
(AZ1500) was spin-coated onto the clean silicon substrates
and prebaked at 150 °C for 5 min, followed by the laser
direct writing and corresponding developing processes.
Next, ICP etching was used to fabricate the silicon pillars
where the positive photoresist acts as the mask. The
fabrication processes are simple and low cost, holding
great potential for the applications of such monolithic
metasurface in edge detection systems. Morphologies of
the samples were characterized by scanning electron mi-
croscope, as shown in the right part of Figure 2a. More
photographs of the samples and spectra of the unit cells are
shown in the Supplementary materials.

4 Results and discussion

We first demonstrate the 1D edge detection at different
orientations by the experimental setup shown in Figure 3a.
A CO, laser was utilized as the light source. After passing
through a linear polarizer and a 1/4 wave plate, the beam
was sent through the object and then transmitted to the
sample. The transmitted beam was filtered by another
linear polarizer and recorded by an infrared detector
(800 x 600 pixels with a pixel size of 17 x 17 pm) with a
video capture card (TC-UB625). The 1D edge images and 2D
edge images were magnified through the built-in interpo-
lation algorithm to four and two times, respectively,

cells 5-8 are obtained by rotating unit cells 1-4 by 90°.

indicating the effective pixel sizes of respective 4.25 x 4.25
pm and 8.5 x 8.5 pm for 1D and 2D images throughout this
experiment. It is worth noting that the first linear polarizer
and the 1/4 wave plate are required just for CP imaging and
the edge detection can be realized through only the meta-
surface and a linear polarizer. With the development of
micro-/nano-fabrication, the linear polarization can be
fabricated on the backside of the metasurface, further
reducing the complexity and improving the integration
level of the spatial differentiation system. Therefore,
compared with other optical edge detection systems, our
experimental setup is free of the 4F system, which means
that the system volume along the optical axis can be
reduced by 50%, suggesting higher integration level and
compactness in practical applications.

From the first row of Figure 3b, one can see clear LCP
and RCP images, indicating excellent independent con-
trol on the wavefronts of both LCP and RCP light enabled
by the high-efficiency asymmetric PSOIs. When the over-
lapped area of the LCP and RCP image is filtered by the
orthogonal linear polarizer, a clear edge along the x-axis
appears. Besides, the phase gradient of the metasurfaces
can be designed at arbitrary directions, implying edge
detection at different orientations. By rotating the meta-
surface, CP images and the corresponding edge images at
different orientations were obtained as shown in
Figure 3b. Similar to the first row of Figure 3b, LCP and
RCP images for other orientations shift to opposite di-
rections along the designed phase gradient, leaving the
clear edge images. However, the fabrication error can lead
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Figure 3: 1D edge detection setup and the corresponding images.
(@) Schematic illustration of the measurement setup for edge
detection. (b) LCP images, RCP images, and 1D edge images of the
number ‘2’ at different orientations. The rows from top to bottom are
LCPimages, RCP images, and 1D edge images. The columns from left
to right are images at 0, 45, 90, and 135°.

101.6 um
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to the imbalance of intensities between LCP and RCP
lights, and thus the merged light will be elliptically
polarized. Consequently, the linear polarizer is not able to
eliminate the overlapped light completely, leaving the
inner fields in the edge images.

Then, the tunable resolution of the edge detection is
further demonstrated. The edge images of S1, S2, and S3 are
shown in Figure 4a—c. It is clear that when ('is decreased,
the edge of the image turns thinner, which is attributed to
the proportional relation between the edge width and the
as described by w = 2A = 2{v. The three samples share the
same f (2.0 cm) and object distance u (6.8 cm) during the
measurement, so the imaging distance v can be calculated
to be 2.8 cm in accordance with the Gauss formula.
Accordingly, the theoretical edge widths for S1, S2, and S3
are, respectively, 98.8, 74.1, and 49.4 pm, which can be
easily distinguished by the detector with a resolution of
34 pm. Here, the edge widths along the x-axis of the three
images are measured to be 101.6, 78.1, and 54.7 pm, which
are close to the theoretical values. In accordance with the
relation between the edge width and ¢, the edge width can
be further reduced by decreasing the . However, consid-
ering that the final edge image is also constrained by the
resolution of the detector, which means edge width
smaller than the resolution of the detector will not be

36.1 um

)

|<_
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Figure 4: Demonstration of tunable edge resolution 1D edge detection and broadband 1D edge detection.
(@), (b), and (c) 1D edge images of the number “2” by using S1, S2, and S3 at 10.6 pm. (d), (e), and (f) Broadband 1D edge detection
demonstrated by S3 at the wavelengths of 9.3, 9.6, and 10.3 um, respectively. The edge detection can work at broadband from 9.3 to 10.6 pm

(scale bar is 500 pm).
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802.5 um

Figure 5: Experimental demonstration of 2D edge detection by S4.
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698.4 um

51.5 pm

P

(a) The expanded LCP image of “0”. (b) The shrunk RCP image of “0”. (c) Edge image of “0”. (Scale bar is 1000 pym).

distinguished, the metasurface should be carefully
designed in accordance with the specific application and
detector to ensure an optimal edge image.

The work bandwidth is further tested by changing the
wavelength of a CO, laser. Different from the continuous
laser, the wavelength of the CO, laser cannot be tuned to an
arbitrary value, so we chose some specific wavelengths of
the CO, laser, 9.3, 9.6, and 10.3 pum to verify the edge
detection bandwidth of S3. By changing the wavelength
and object distance, the corresponding edge images are
obtained with fixed image distance, as shown in Figure 4d—
f. The clear edge images for different wavelengths indicate
that the metasurface differentiator works well from the
designed working wavelength at 10.6-9.3 pm with a slight
degradation of edge image quality. Although the wave-
length beyond 10.6 um is not measured limited by the CO,
laser, it could be inferred from the high image quality at
10.6 pm that such differentiator can also work at wave-
length beyond 10.6 pm to a certain range, indicating a
broadband (over 2.3 um) working ability. Besides, one can
see from Figure 4c—f that the size of the image “2” increases
with the increasing working wavelength, which origins
from the wavelength-dependent focal length of the meta-
surface. Specifically, when the wavelength is decreased,
the fand the corresponding u are increased for a certain v,
leading to a smaller magnification, and thus, the image size
is smaller at shorter wavelength. Meanwhile, reduced
magnification implies decreased equivalent ¢, so the edge
width at a shorter wavelength is thinner, as indicated by
Figure 4c—f.

Finally, the 2D edge detection capability of S4 is
demonstrated with the same experimental setup in
Figure 3a. Figure 5 shows the LCP/RCP image and the edge
image of the number “0”. The heights and widths of the “0”
for LCP and RCP are, respectively, approximately 1222.4,
802.5, 1119.0, and 698.4 um, which results from that the
LCP image expands while the RCP image shrinks along the
radial direction. If the overlapped LP image is eliminated

by a linear polarizer, the 2D edge image appears, sug-
gesting the capability of 2D edge detection of the proposed
monolithic metasurface. Moreover, the edge width in
Figure 5c is ~51.5 um, which is in accordance with that of 1D
edge width (Figure 4c) and the theoretical edge resolution
S4. Except for the experimental demonstrations of 1D and
2D edge detection shown here, some simulation results of
2D edge detection for more complex objects are provided in
the Supplementary materials, which further demonstrate
the ability of edge detection for the proposed metasurface
spatial differentiator.

5 Conclusions

In conclusion, owing to the independent manipulation on
LCP and RCP lights by a monolithic metasurface, edge
detection without 4F system is demonstrated, suggesting a
simpler and more compact edge detection system in prac-
tical applications. The proposed monolithic metasurface
spatial differentiator works at a wide bandwidth over
2.3 pm with tunable resolutions. Besides, both 1D and 2D
differentiation have been experimentally demonstrated
with an edge resolution of about 49.4 pm (~4.7 A), which
can be improved by decreasing the horizontal momentum
carried on circularly polarized light. Notably, such a
monolithic spatial differentiator can be designed to work at
visible and near-infrared wavelengths, which would satisfy
more possible applications. We believe that the monolithic
spatial differentiation metasurface in this article can be
applied in compact optical imaging systems and the
asymmetric PSOIs can be utilized to build more kinds of
multifunctional metasurfaces.
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