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Anisotropic edge enhancement imaging along different directions possesses the capability to extract
different morphological information from an object which plays a vital role in weak edge detection in
imaging. Building a simple, miniature, switchable anisotropic edge enhancement imaging device is
extremely absorbing. Here, we design a 2D material, i.e., a helicity-multiplexing dielectric metasurface
for anisotropic edge-enhanced imaging. More importantly, this 2D material is prioritized to satisfy two
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sets of unrelated phase profiles, relying on different helicities of the incident beam. It can function as
two different anisotropic edge enhancement filters along different directions by incorporating the 4f
DOI: 10.1039/d3tc00092¢ imaging system and dynamically switching its function by altering the helicity of the incident beam.

Furthermore, a hybrid imaging device based on this 2D material can work across a visible broadband
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Introduction

Fast and reliable anisotropic edge detection and image proces-
sing are vital capabilities required in biomedical imaging™* and
outdoor infrared detection.” Many digital domain computations
using integrated circuits have been proposed for enhancing
imaging detection at the expense of high-power consumption
and low speed.*” Optical analog computing can overcome these
limits because it modulates the field of the incident beam by
placing appropriate optical elements in the optical system.® In
this regard, many image edge detection approaches based on
optical computing have been demonstrated, such as conven-
tional phase contrast imaging,”'° the photonics spin Hall
effect,’* the Goos-Hinchen effect,'® the Brewster effect’® and
other novel methods,” which are state-of-the-art technologies and
most of which are utilized to achieve typical isotropic edge
enhancement. Therefore, these approaches are not perfectly
suited to some imaging cases where some directions with weak
edges need to be preferentially emphasized more than other
directions.

With further research on radial unsymmetric Hilbert trans-
form filtering, two represented anisotropic edge detection meth-
ods, fractional vortex beam'**® and shifted vortex beam'®*’
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spectrum, which is potentially applicable in biomedical imaging and optical analog computing.

approaches, have been demonstrated. Among them, the shifted
vortex beam approach is conducted by interpreting the general
radial Hilbert transform filtering as the format of a vortex and
shifting the original position of singularity to break the sym-
metry of filtering."®"” In this way, the orientation of edge
enhancement can be efficiently changed and can lead to strong
anisotropic contrast imaging. Moreover, this unsymmetric Hil-
bert transform can immensely decline the data and procedures
of imaging processing as it only extracts an image’s important
edge information and highlights the edges in need. However, to
date, the function implementation of the anisotropic edge
enhancement based on the above-mentioned methods is mainly
by using a liquid crystal-based spatial light modulator, which
provides dynamic phase or amplitude modulation for the
optical input field by precision voltage regulation.'® Therefore,
it is not convenient enough compared with simple mode
regulation of incident beams. Meanwhile, its bulky configu-
ration and limited resolution hinder its applications in modern
miniaturized and integrated systems.'®'®?° Thus, building a
simple, miniature, high-resolution, switchable anisotropic edge
enhancement system is extremely absorbing.

Metasurfaces, composed of specifically designed subwave-
length units in a two-dimensional plane, have become research
hotspots due to their tremendous power in manipulating
optical wavefronts.”’>* They can replace several bulky tradi-
tional optical components to achieve various optical functions
and allow light to be precisely regulated in the sub-wavelength
thickness range. These potentials have pushed metasurfaces
into different research areas, such as investigating the spin Hall
effect,”®*’ tailoring multiple vortex beams,?**° metalenses®"*>

This journal is © The Royal Society of Chemistry 2023
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and metaholograms.>*"*> Meanwhile, a variety of functional
imaging techniques based on metasurfaces,**?” like polariza-
tion imaging,*®?° spectral imaging,*®*' and isotropic edge
detection,'®?7*2™** are all attractive. To our best knowledge,
current 2D switchable anisotropic edge-enhancement imaging
via a metasurface also requires an external liquid-crystal plate
based on additional voltage modulation.*> Fortunately, the
development of helicity-multiplexing metasurfaces brings great
hope for this research.*®™*°

Here, a helicity-multiplexing metasurface (2D material) is
designed based on the propagation phase and the geometry
phase, which can dynamically switch between two various
anisotropic edge enhancement filters only by transforming
the polarization of the incident beam. This metasurface is
composed of many nanopillars, which are all prioritized to be
appropriate for two independent phase profiles. By embedding
the metasurface into the focal plane of a Fourier transform in
an optical system, we will demonstrate that this merging meta-
4f imaging device enables the input field to achieve switchable
2D-anisotropic edge enhancement efficiently. The broadband
characteristics will also be verified.

Principle and design
The overall design of the meta-4f system

Fig. 1 is the schematic of our meta-4f system setup, consisting
of two traditional lenses and a helicity-multiplexing dielectric
metasurface capable of dynamically switching between two
different anisotropic edge enhancement imaging filters by
changing the polarization of the incident beam. For example,
as shown in Fig. 1(a), when the input object is the abbreviation
“BIT”, and the polarization of the incident beam is left-handed
circular polarized (LCP), the output image is a left-enhanced
anisotropic edge image of the object. Similarly, when this input
object is under the illumination of a right-handed circular
polarized (RCP) incident beam, the output information pre-
sented is a right-enhanced anisotropic edge image of the object,
as shown in Fig. 1(b). The curvilinear figures in Fig. 1(a) and (b),
respectively, show the corresponding cross-sectional intensity
distributions at the white dashed line of the image in Fig. 1(a)
and (b). We can observe the edge enhancement’s anisotropic
characteristics (left or right enhancement) from these. Other
anisotropic edge enhancements can also be tailored, which will
be shown later.

Principle of the meta-4f system

To illustrate the feasibility of our meta-4f system, we analyze
the whole optical image processing of this system and the
relevant principle in detail. In this system, the object can be
seen as an electric field pattern of the LCP or RCP incident
beam written as Ej,(x, y), where x and y are respectively, the x or
y-direction coordinates in the input or output image plane.
Then, a spatial Fourier transformation is performed by lens1 in
Fig. 1(a). Our designed helicity-multiplexing dielectric metasur-
face functions as a dynamic spatial filter. Its optical spectrum

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Schematic of our meta-4f system setup. (@) A left-enhanced
anisotropic edge image of the object "BIT" is obtained when illuminated
by an LCP incident beam. (b) A right-enhanced anisotropic edge image of
the object "BIT” is obtained when illuminated by an RCP incident beam.
The curvilinear figures in the insets both represent the corresponding
cross-sectional intensity distribution at the white dashed line of the image.

transfer function can be written as H( f;, f;), where f; and f; are
spatial frequency coordinates in the Fourier plane. After being
modulated by our special spatial filter, the tailored electric field
pattern is manipulated by lens2 in Fig. 1(a), and an inverse
spatial Fourier transformation is performed. Therefore, the
whole optical image processing can be concluded as follows:

Eout(x’ y) = IFT{H(f;Cv .f;/)'FT[Ein(x’ y)]} (1)

where, FT represents the 2D spatial Fourier transformation, and
IFT represents the 2D inverse spatial Fourier transformation.
Next, one of the design keys is finding a proper H(f, f;) to
help us efficiently achieve anisotropic edge enhancement. As
mentioned above, a classical radial unsymmetric Hilbert
transform'® based on a complex amplitude modulation has
been mathematically demonstrated. It breaks down the sym-
metry of the Hilbert transform by shifting the original position
of singularity, and its phase modulation is dominant. Inspired
by this, we infer that we can add an external phase distribution
to the general spiral phase distribution corresponding to the
classical radial symmetric Hilbert transform. Then we can easily
change the singularity position only based on phase modula-
tion. To protect the entire spiral phase filtering properties, we
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Fig. 2 Demonstration of the theoretical output results corresponding to the designed H(f,, f,) when a circular pattern is the input object. (al)-(a4)
Theoretical output results as we set 6 as n/4, n/2, 3n/4, n, respectively. (b1)-(b4) Cross-sectional intensity curves of (al)—(a4) along the white dashed lines.
(c1)—(c4) Theoretical output results as we set 0 as 5n/4, 3n/2, 7n/4, and 2r, respectively. (d1)-(d4) Cross-sectional intensity curves of (c1)—(c4) along the

white dashed lines.

utilize relevant coefficients like p, to control the additional
phase effect. So, our H( f,, f,) can be expressed as:

H( fof;) = exp{i  angle {P exp(ip) + py exp(ié))} }7 2

P1

where, f, = u/(Xf), f, = v/(4f), u and v are respectively the x or
y-direction coordinates in the Fourier plane. Angle () represents
the operation of extracting the phase of the expression in
parentheses. p* = u*> + 1%, ¢ = arctan(v/u), and p, and 0 are both
real numbers. p;® = p® + po* + 2pop cos(¢p — 0). Normally, p, is
less than the maximum of p/?. This way, several representative
direction anisotropic edge enhancements can be efficiently
achieved by changing the value of 0.

To observe this characteristic clearly, we keep p, = 0.15
max(p*?), choose different values of 6, and then gain several
different distributions about H( f;, f). Here, a circular pattern is
used as the object E;,(x, y). We can calculate the corresponding
output field patterns E,,(x, y) with the help of the MATLAB
platform, as shown in Fig. 2. Fig. 2(a1)-(a4) displays the output

3958 | J Mater. Chem. C, 2023, 11, 3956-3963

field distributions when 0 = /4, /2, 3n/4 and ©. The corres-
ponding cross-sectional intensity curves are shown in
Fig. 2(b1)-(b4). Subsequently, when we use 6 = 5m/4, 3m/2,
7n/4, and 2m, the obtained output field patterns and the
corresponding cross-sectional intensity curves are respectively
exhibited in Fig. 2(c1)-(c4) and (d1)—-(d4). It can be found that
there were various anisotropic edge enhancements along dif-
ferent directions when we changed the value of 6. In addition,
we also observe the obtained theoretical results when different
values of p, are chosen, and 0 is set as n. From Fig. S1 (ESI?),
different values of p, can affect the contrast of the anisotropic
edge enhancement (see Note 1 of ESIt).

Therefore, the required phase profiles for our helicity-
multiplexing metasurface mentioned in Fig. 1 can be written
like this:

W, = angle pexp(i¢) +5]0 exp(i3n/2) 7 @)

This journal is © The Royal Society of Chemistry 2023
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1102 — angle pexp(mﬁ) +p?0 exp(m/2) , (4)

where, {/; and Y, are respectively the required phase profiles
when the polarization of the incident beam is LCP or RCP. The
corresponding phase maps are shown in Fig. S2 (ESIT).

Then, we divide the total phase of our metasurface into the
propagation phase and the geometry phase, which can be
respectively expressed'® with the phase profiles in eqn (3) and
(4) as:

Ox(x, y) = ax, ) + ¥alx, y))2 (5)
Oy, y) =[x, y) + ¥l y))/2 — (6)
28(x, y) = [¥a(x, y) — valx, y))/2 (7)

where, 6, and J, are the propagation phase distributions for a
linear polarization incident beam in the x- and y-directions,
respectively, and 29 is the geometric phase distribution.

Design of the metasurface

Fig. 3(a) and (b) respectively show the side and vertical views of
a specifically designed unit cell to conform to the required
propagation and geometric phases. It is a simple titanium
dioxide nanopillar fabricated on a glass substrate. These nano-
pillars are periodically distributed with a fixed square lattice
constant P, = P, = 360 nm and a height H = 600 nm. By changing
the nanopillar’s length L, and width W, we can construct the
whole propagation phase library for choosing proper é, and J,
that satisfy the relationships in eqn (5) and (6). The simulated
phase 0, for a linear polarization incident beam in the
x-direction (XLP) as a function of L and W is shown in Fig. 3(c),
and the corresponding transmission coefficient distribution ¢, is

@

(b)

8000 175
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displayed in Fig. 3(d). Homoplastically, the simulated phase d, and
the corresponding transmission coefficient distribution ¢, for a
linear polarization incident beam in the y-direction (YLP) are
respectively exhibited in Fig. 3(e) and (f). Considering the geometric
phase, its control mechanism is by rotating the rotation orientation
angle 3 of the nanopillars, and it is twice the rotation orientation
angle 3 so that it can easily cover the entire phase library. In
addition, all nanopillars are constructed to work as half-wave plates
to maximize their polarization conversion efficiency. Underlying the
above mechanism, we can obtain any ideal phase combination (9,
0y, and 28) by picking up an appropriate size and a rotation
orientation angle (L, W, and 9) of the nanopillar. In this way, we
can design our helicity-multiplexing metasurface to meet the phase
profiles in eqn (3) and (4). The working wavelength of the incident
laser is 532 nm. The simulation results are calculated through the
commercial software, FDTD- solutions, where perfectly matching
layers are used in the x, y, and z directions, and plane-wave sources
are utilized.

Results

Fig. 4(a) and (b) respectively show the far-field phase distribu-
tions of the vortex beam generated by our metasurface (meta-
surface 1) when illuminated by an LCP or RCP incident beam.
The spiral phase distributions in these two subfigures are
different. Still, the corresponding intensity patterns in the
center of the far-field intensity distributions are approximately
equal (Fig. 4(c) and (d)). It means that our anisotropic edge
enhancements are mainly manipulated by the pure phase,
demonstrating the modulation mechanism that we mentioned in
the section “Principle and design”. Additionally, we also calculated

175 250
W(nm)

Fig. 3 (a) Side and (b) vertical view of a typical unit cell of the helicity-multiplexing metasurface with the period (P,, P,), height (H), varying cross section
sizes (L and W), and different orientation rotation angles (3). (c) Simulated propagation phase d, and (d) transmission coefficient t, distributions for an XLP
incident beam. (e) Simulated propagation phase ¢, and (f) transmission coefficient t, distributions for a YLP incident beam.

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 (a) Simulated far-field phase distribution of metasurface 1 under the illumination of an LCP incident beam and (b) simulated far-field phase

distribution of metasurface 1 under the illumination of an RCP incident beam; (c) and (d) depict the corresponding intensity patterns in the center of the
far-field intensity distributions. (e) Output RCP field intensity distribution with a left enhanced edge of our meta-4f system under the illumination of an
LCP incident beam and (f) output LCP field intensity distribution with a right enhanced edge of our meta-4f system under the illumination of an RCP

incident beam. (g) and (h) Cross-sectional intensity distributions at the white dashed line position in (e) and (f), respectively.

the generated near-field phase profiles. The phase patterns main-
tain the spiral characteristic, and they are basically similar to our
designed phase maps in eqn (3) and (4) (see Note 2 of ESIt). To
evaluate the feasibility of our approach comprehensively, we also
simulated the whole process. Fig. 4(e) and (f) are intensity distribu-
tions of the output field of the meta-4f system calculated by eqn (1),
where the commercial software MATLAB is used to perform positive
and inverse spatial Fourier transformations. When the polarization
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of the incident beam is LCP, the output RCP field intensity
distribution is a leftenhanced anisotropic edge image of the
abbreviation “BIT” as shown in Fig. 4(e). Similarly, when illumi-
nated by the RCP incident beam, the output LCP field intensity
pattern is a right-enhanced anisotropic edge image of “BIT,” as
shown in Fig. 4(f). Fig. 4(g) and (h) are respectively cross-sectional
intensity distributions at the white dashed line position in Fig. 4(e)
and (f), from which we can see the anisotropic edge enhancements
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Fig. 5 (a) Simulated far-field phase distribution of metasurface 2 under the illumination of an LCP incident beam and (b) simulated far-field phase

distribution of metasurface 2 under the illumination of an RCP incident beam; (c) and (d) depict the corresponding intensity patterns in the center of the
far-field intensity distributions. (e) Output RCP field intensity distribution with a right enhanced edge of our meta-4f system under the illumination of an
LCP incident beam and (f) output LCP field intensity distribution with a top enhanced edge of our meta-4f system under the illumination of an RCP
incident beam. (g) and (h) Cross-sectional intensity distributions at the white dashed line position in (e) and (f), respectively.
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in different directions more clearly. Therefore, this meta-4f system
can achieve dynamic anisotropic edge enhancements by changing
the polarization of the incident beam.

Furthermore, to verify our method’s viability in achieving
switchable anisotropic edge enhancements along other direc-
tions, we designed another metasurface (metasurface 2), which
aims to achieve anisotropic edge enhancements along both
horizontal and vertical directions. Therefore, the required
phase profiles can be deduced like this:

Y1 = angle[(p exp(i) + (poexp(it/2)ps]  (8)

V> = angle[(p exp(id) + (po exp(i2n))/p:] ©)

W1 and Y, are respectively shown in Fig. S2 (ESIt). The corres-
ponding near-field phase distributions generated by metasur-
face 2 are also shown in Fig. S2 (ESIT), the spiral characteristics
of which are well-maintained and generally similar to the phase
maps in eqn (8) and (9) (see Note 2 of ESIf). The other
simulated results are shown in Fig. 5. Fig. 5(a) and (b) respec-
tively show the far-field phase patterns of the vortex beam
generated by our metasurface under the illumination of an
LCP or RCP incident beam. The spiral phase distributions in
these two subfigures are also diverse, contributing to different
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anisotropic edge enhancements. Fig. 5(c) and (d) depict the
corresponding intensity patterns in the center of the far-field
intensity distributions, which are approximately equal. In addi-
tion, simulations of the whole process are also performed.
Fig. 5(e) and (f) are output field patterns of the meta-4f system
calculated by using eqn (1). The output RCP field intensity
pattern is a right-enhanced anisotropic edge image of “BIT”
under the illumination of an LCP incident beam, as shown in
Fig. 5(e). When illuminated by the RCP incident beam, the
output LCP field intensity pattern is a top-enhanced anisotropic
edge image of “BIT,” as shown in Fig. 5(f). Fig. 5(g) and (h) are
respectively cross-sectional intensity distributions at the white
dashed line position in Fig. 5(e) and (f). Thus, our approach can
be utilized to design different metasurfaces for realizing var-
ious switchable anisotropic edge-enhanced imaging.

Since the geometry phase can work in a wide wavelength
span, we infer that our designed helicity-multiplexing metasur-
faces based on the propagation phase and the geometry phase
can also work across broadband. To demonstrate the broad-
band functionalities of our meta-4f imaging system, another
object, “M&I”, the abbreviation for our laboratory, is used as an
imaging target and is illuminated by beams of different wave-
lengths of 480 nm, 532 nm, and 630 nm. Metasurface 1 is
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Fig. 6 (a)—(c) Output RCP field information of our meta-4f system under the illumination of an LCP incident beam at wavelengths of 480 nm, 532 nm,
and 630 nm, respectively. (d)-(f) Field intensity distributions at the white dashed line position in (a)—-(c), respectively. (g)—(i) Output LCP field information
of our meta-4f system under the illumination of an RCP incident beam at wavelengths of 480 nm, 532 nm, and 630 nm. (j)—(l) Field intensity distributions

at the white dashed line position in (g)-(i), respectively.
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picked out as the spatial filter in the Fourier plane. The near-
field phase patterns of the vortex beam generated by metasur-
face 1 under the illumination of 480 and 630 nm incident
beams are shown respectively in Fig. S3 (ESIT). It is obvious that
the spiral characteristics of the near-field distributions under
the illumination of 480 nm are well-maintained, and their
phase patterns are similar to those under the illumination of
532 nm. These absolute values of the near-field distributions at
the wavelength of 630 nm are not similar enough to the results
at the wavelength of 532 nm. Still, the spiral characteristics
are well-maintained, i.e., they are similar to those under the
illumination of 532 nm, which is the key point at work.
Fig. 6(a)-(c) show respectively the output RCP field intensity
information of our meta-4f system under the illumination of
LCP incident beams at wavelengths of 480 nm, 532 nm, and
630 nm. Fig. 6(d)-(f) show respectively the cross-sectional
intensity distributions at the white dashed line positions in
Fig. 6(a)-(c), from which it is obvious that left-enhancement
anisotropic edge images can all be extracted. Similarly,
Fig. 6(g)-(i) show respectively the output LCP field information
of our meta-4f system under the illumination of RCP incident
beams at a wavelengths of 480 nm, 532 nm, and 630 nm.
Fig. 6(j)-(1) show respectively the cross-sectional intensity dis-
tributions at the white dashed line positions in Fig. 6(g)-(i),
from which it is obvious that the right-enhancement anisotro-
pic edge images can all be extracted. Therefore, our designed
meta-4f system is not restricted to a specific wavelength and
has a working bandwidth of at least 150 nm.

Conclusion

In conclusion, we have proposed and demonstrated a relevant
2D material, i.e., two dielectric helicity-multiplexing metasur-
faces, based on our proposed method. These metasurfaces can
dynamically switch between two different functions (i.e., gen-
erating different vortex beams) by altering two different polar-
izations of the incident beam, which correspond to two
unrelated phase profiles. By endowing these metasurfaces with
two different phase profiles and merging them into the 4f
imaging system, we have demonstrated that this meta-4f ima-
ging device can achieve two anisotropic edge enhancements
along specific directions, including left and right or right and
top. Furthermore, the broadband characteristics of our imaging
device have been verified. Combined with the advantages of
planar architecture and dynamically switchable functionalities
across a broadband of the metasurface, we can envision that
this meta-4f imaging device based on a designed 2D material
holds potential applications in biomedical imaging and optical
analog computing.
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