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ABSTRACT
Optical analog signal processing technology has been widely studied and applied in a variety of science and
engineering fields, with the advantages of overcoming the low-speed and high-power consumption
associated with its digital counterparts. Much attention has been given to emerging metasurface technology
in the field of optical imaging and processing systems. Here, we demonstrate, for the first time, broadband
two-dimensional spatial differentiation and high-contrast edge imaging based on a dielectric metasurface
across the whole visible spectrum.This edge detection method works for both intensity and phase objects
simply by inserting the metasurface into a commercial optical microscope.This highly efficient metasurface
performing a basic optical differentiation operation opens up new opportunities in applications of fast,
compactible and power-efficient ultrathin devices for data processing and biological imaging.
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INTRODUCTION
As image processing becomes vital in various ar-
eas of science and technology, there is increasing
demand for faster, integrated, efficient devices that
can process optical signals and images. There are
two common approaches for image processing: it
is either conducted in the digital domain via inte-
grated circuits or in an analog way based on opti-
cal components [1–3]. Although the digital method
provides great versatility, it suffers from low oper-
ation speed and high energy consumption, leading
to insurmountable challenges in the current big-data
era.Therefore, optics-based analog signal processing
methods have gained significant attention in recent
years.

Within the last decade, the metasurface, a kind
of planar optical element, has been used to manip-
ulate light by employing the principle of diffraction
[4,5]. Various optical devices have been developed
including lenses [6–8], waveplates [9], holograms
[10,11], polarizers [12,13] and spectral filters [14],
of much lower weight and more advanced manip-
ulation. Metasurfaces have evolved from the early
plasmonic meta-atoms [15] to high refractive index

dielectric materials [5] for improved energy effi-
ciency and broadband capabilities. In recent years,
interest has focused on practical applications of
the metasurface, such as high resolution imaging
[16], equation solver [17], analog optical comput-
ing [18,19] and, especially, spatial differentiators to
achieve optical edge detection [20,21]. In addition,
the high-cost fabrication methods such as e-beam
lithography and focused ion beam lithography are
being replaced by more cost-effective methods such
as nano-imprint [22,23] and laser-writing methods
[24].

Engineered nanophotonic materials have been
widely studied for optical analog image processing,
especially for edge detection, which has seen sig-
nificant applications in machine and computer vi-
sion [25], medical imaging operation [26,27] and
autonomous vehicles [28,29]. Recently, several the-
oretical works have investigated how to achieve
spatial differentiation using optics [30–32]. Their
methods typically rely on performing mathematical
operations with designed metamaterials, which re-
quire complex material and fabrication processes.
Furthermore, spatial differentiation has been ex-
tended to experimental demonstration by exploiting
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various approaches, including surface plasmonics
[33,34], photonic crystals [35], the photonic spin
Hall effect [36,37] and the Pancharatnam-Berry
phase metasurface [38]. However, all of these cur-
rentmethods have their own limitations, and experi-
mental demonstration of a highly efficient, compact,
two-dimensional (2D) spatial differentiation device
working for broadband frequencies is still lacking.

In the following, we propose a new design to
impart 2D spatial differentiation on the impinging
wavefront, based on the dielectric metasurface in
transmissionmode, providing advantages of high ef-
ficiency, broadband andhigh-contrast.Thedesigned
metasurface comprises a symmetric phase gradi-
ent along the radial direction, which enables lin-
early polarized (LP) beam splitting to left-handed
circular polarization (LCP) and right-handed cir-
cular polarization (RCP) components along the
radial direction and guarantees 2D spatial differenti-
ation (see Supplementary data, Note 1).The dielec-
tricmetasurface based on a geometric phase without
any resonance structure ensures operation at broad-
band working wavelength (whole visible range), en-
ablingdifferentiationof color images.Thehigh trans-
mission mode of the compact metasurface sample
facilitates alignment or integration with the rest of
the optical system, which is important for imaging-
processing applications. Our work provides new op-
portunities in optical analog computing and high-
contrast imaging.

To derive the edge detection formula, we take
a one-dimensional (1D) case as an example to
show the details. According to ref. [38], when the
metasurface sandwiched between two orthogo-
nal polarizers is placed on the Fourier plane of
a 4f system, the amplitude of the output electric
field of the object Ein(x0, y0) can be given as
E (x, y) = Ein(x0 + �, y0) − Ein(x0 − �, y0).
Here, � = λ f

�
, λ is the working wavelength, f is

the focal distance and � is the period of meta-
surface. In case the shift � is much smaller than
the image feature size, for an intensity object
Ein(x0, y0) = A(x0, y0), the output electrical
field distribution can be written as Eout(x, y) =
A(x0 + �, y0) − A(x0 − �, y0) = 2�∂A

∂x .
For our current 2D edge detection, it can be
regarded as superposition of infinite 1D edge
detection processes that radially span the entire 2π
azimuth angles in polar coordinates. So, using
similar manipulation to the 1D case, the output
electrical field for the 2D case under polar coor-
dinates can be given as Eout edg e (r, θ) � 2�∂A

∂r
for an intensity object. While for a phase ob-
ject, Ein(x0, y0) = exp[i�(x0, y0)], the first
order Taylor expansion is employed. The object
Ein(x0, y0) can be rewritten as O(x0, y0) ≈
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Figure 1. Schematic figure of the 2D edge detection.
(a) The light incidents onto the ‘EDGE’ shaped object, then
passes through the metasurface at the Fourier plane, and fi-
nally its edge information is obtained at the image plane.
(b) Schematic figure of optical slow axis distribution of the
mentioned metasurface.

1 + i�(x0, y0). The final electric field will be
E 3(x, y) = i�(x0 + �, y0) − i�(x0 − �, y0),
which canbe further expressed as Eout edg e (x, y) �
2�∂�

∂r . As shown schematically in Fig. 1(a), our
designed system has the ability to filter the edge
information of one object. Figure 1(b) schemati-
cally represents the optical axis distribution of the
designed metasurface, in which the phase gradient
is along both the x and y directions.

EXPERIMENTAL RESULTS
Sample information
Figure 2(a) shows a photograph of the metasurface
sample with patterned area (4 mm in diameter) in
the center of a 1-inch SiO2 substrate. The thickness
of the substrate is 3mm. Figure 2(b) is a polariscope
image of the sample, which reflects the form-
birefringent characteristics of the metasurface area.
The metasurface pattern was fabricated by scanning
a femtosecond pulse laser inside the silica slabs
(50 μm beneath the surface). The self-assembled
nanostructures in silica slabs were formed under
intense laser irradiation. By varying the laser po-
larization gradually, nanostructures with gradually
changing orientation could be generated.More sam-
ple fabricationdetails canbe found inpreviousworks
[39,40]. A zoomed polariscope optical image of the
marked sample pattern area of Fig. 2(b) is illustrated
in Fig. 2(c). Figure 2(d) shows the measured con-
stant value of phase retardance of the metasurface
sample, whichworks as a half-wave plate and ensures
the conversion efficiency of the incident LP beam to
RCP and LCP components [41]. For our metasur-
face, the measured conversion efficiency is close to
unity at the working wavelength.The corresponding
transmission efficiency (the ratio between the
transmitted power and the incident power) reaches
as high as 95%, which is higher than the achromatic
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Figure 2. Characterization of the metasurface embedded in silica glass. (a) Photograph of a metasurface sample. Scale bar:
4 mm. (b) Polariscope image of the metasurface. Scale bar: 4 mm. (c) Zoomed polariscope optical image of the sample pattern
area marked in (b). Scale bar: 200 μm. (d) The measured uniform phase retardance of the metasurface sample. Scale bar:
500 μm. (e) The pseudo color presents direction of the slow axis. Scale bar: 500 μm. (f) Polariscope optical image shows
the finer structure of the metasurface. White scale bar: 3 μm. Inset, top view of scanning electron microscope (SEM). Black
scale bar: 1 μm.

metalenses with ∼50% transmission efficiency
demonstrated in refs [42,43]. Figure 2(e) indicates
the measured slow axis characterization inside the
silica glass, which is along the radial direction of the
birefringent sample.The orientation of the slow axis
ϕ(x, y) ranges from 0 to π . As a result, the phase
profiles of geometric phase elements (metasurface)
experience a relative phase change, which is equal
to 2ϕ(x, y), i.e. from 0 to 2π [44]. More measure-
ment details related to phase retardance and slow
axis characterization can be found in the Methods.
Figure 2(f) shows the finer structure of the meta-
surface with polariscope image along the radial
direction.

Transfer function demonstration
To demonstrate the spatial differentiation function,
the transfer function of the metasurface sample
was measured. As shown in Fig. 3(e), the laser
beam passes through L1 ( f = 25mm) and P1,
then incidents to the metasurface. The output spot
is collected by the second focus lens L2 and then
recorded by a CCD camera. The distances between
the L1 and metasurface; metasurface and L2; the
L2 and the CCD camera are equal to the focal
distance (25 mm). The LCP and RCP compo-
nents from the metasurface split along the radial
direction, pass the analyzer (P2) and focus again
by L2 for the collection and are finally recorded by
the CCD camera (DCC1645C, Thorlabs, USA).
The intensity distribution I0(x, y) before the

L1 [Fig. 3(c)] and I1(x, y) after the 4f system
[Fig. 3(d)] are recorded separately by the CCD
camera, and are consistent with the theoretical
calculation results shown in Fig. 3(a) and (b)
(more theoretical calculation details can be found
in Note 2 of Supplementary data). The electrical
field distribution can be acquired based on the
equation Ei (x, y) ∝

√
Ii (x, y). The transfer

function is calculated as H(kx , ky ) = E 1(u,v)
E 0(u,v) ,

where u = x/λ f and v = y/λ f . Figure 3(f)
shows the transfer function result along the radial
direction, in which kr =

√
k2x + k2y .

2D edge detection of amplitude object
The experimental setup of edge detection is similar
to that in Fig. 3(a), but with an object placed before
the L1 at a distance of 10 cm (the focal length of
L1).The light source is from a supercontinuum laser
(SuperK EXW-6, NKT Photonics) coupled to a
variable bandpass filter (NKT SuperK Varia High),
where the incident light can be tuned from 410 to
690 nmwith a 10 nm bandwidth. Figure 4(a–c) and
(g–i) shows the results without the second polarizer,
in which there is a small shift between two images.
The theoretical prediction of the slightly separated
two images shown in Fig. 4(a–c) and (g–i) can
be found in Note 2 of the Supplementary data. By
adding the analyzer P2, the edge information of
the object is acquired, as shown in Fig. 4(d–f) and
(j–l). It should be noted that the broadband
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Figure 3. Measurement of the spatial transfer function of the metasurface spatial differentiator. (a and b) The calculated
result without and with the spatial differentiator, respectively. Scale bar: 500 μm. (c and d) The corresponding experimental
results. (e) Experiment setup: L, lens, focal length 25 mm; P1 and P2, a pair of crossed polarizers; MS, metasurface, period
1000 μm; CCD, charge couple device. (f) Theoretical and experimental results of the transfer function.

property was further confirmed by a white light
source. As shown in Fig. 4(i) and (l), the center
wavelength of the incident light was set at 600 nm
with a bandwidth of 400 nm, indicating a wave-
length range from 400 nm to 800 nm (see Fig. S2 in
the Supplementary data for the power density curve
of the light source). As can be seen, our proposed
method can efficiently block the center linear part
and leave all edges. Our proposed method can work
as a 2D differentiator efficiently, with the 2D edge
detection covering all the visible frequencies. The
broadband performance further enables spatial
differentiation of color images. Here, the broadband
properties of our metasurface can be explained from
two points of view: the first, is that the working
mechanism of our metasurface is based on birefrin-
gence rather than phase delay, in which no photonic
resonance is introduced, and our phase retardation
π is determined by setting the metasurface writing
depth to about 50 μm; the second is attributed
to our metasurface being composed of SiO2-x
fabricated using the pulse laser writing inside the
fused silica lens. The material properties of both the
SiO2-x and fused silica host are weakly dispersive.

Edge detection of a phase object
In general, the amplitude and phase of an object
tend to play different roles in imaging processing,
which are both important and significant. However,

researchers have found that most of the important
features can be preserved even if only the phase is re-
tained [45]. As a result, much attention was given to
study of the topics related to the phase object. Re-
markably, in 1955, Zernike invented the phase con-
trast microscope in which the phase variation was
converted to intensity variation by adding a phase
plate [46]. It also inspired other analogy approaches
for feature recognition of phase objects, such as
edge detection [47–49]. However, the aforemen-
tioned edge detection methods suffer from lower
contrast, limited resolution or less practicability be-
cause of complex setup requirements. Here, the
edge detection image of the phase object (e.g. cells
in bioimaging) with a decent quality, high-contrast
and resolution is demonstrated experimentally by
incorporating the metasurface with a commercial
microscope.

Figure 5(a) shows the measurement setup for
edge detection of the cells. The setup is built based
on a transmissionOlympusmicroscope (IX-83) and
a 532 nm, 750 mW continuous green laser (OPUS
MPC 6000, Laser Quantum, England) serves as
a light source. The laser is controlled by external
shutters with an illumination power density under
1 W cm−2. The output laser is coupled to the mea-
surement system by a fiber coupler, then it is ex-
panded by a condenser to provide uniform illumina-
tion for the field view of the microscope. Here, we
crop a small field view from the microscope and use
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Figure 4. 2D edge detection demonstration of intensity object (R3L3S1N Negative 1951 USAF Target). (a–c and g–i) The
result is taken by removing the second polarizer. (d–f and j–l) Edge images at wavelengths of 410 nm, 490 nm, 540 nm,
590 nm, 690 nm and white light, respectively. Scale bar: 1 mm.

a vibratingmultimode fiber to remove the speckle to
further improve the uniformity. The polarizer P1 is
set before the cell to provide the LP light. The cells
are imaged through an air objective (40X, 0.6NA,
LUC plan FLN 40X, Olympus, Tokyo, Japan). The
metasurface sample is placed at the back focal plane
of the objective.The analyzer P2 is orthogonal to the
P1 for elimination of the LP component, leaving out
only the edge information. The images are recorded
by a sCMOS camera (Orca Flash 4.0 v3 sCMOS,
Hamamatsu Photonics, Japan).

We compared different imaging techniques to
evaluate the proposed edge detection approach.
Figure 5(b–e) and (f–i) includes several popular

imaging techniques for observing human umbili-
cal vein endothelial cells (HUVECs) and human
brain endothelial cells (HBECs) grown in tissue cul-
ture vessels, respectively. Clearly, bright field im-
ages display almost no visible features because of
the transparent nature of the cells (Plan N, 40X,
0.65NA, Olympus, Japan), as shown in Fig. 5(b)
and (f). Figure 5(c) and (g) shows cells imaged
with a phase contrast objective lens (40X, 0.65NA,
Zeiss, Germany) with a phase ring in light path.
Figure 5(d) and (h) shows the images of the same
cells under dark-field illumination (Objective lens,
LD EC Epiplan-Neofluar, 50X, 0.55NA, Zeiss, Ger-
many), which contain only the scattered light from
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Figure 5. Edge detection of a phase object. (a) Measurement setup. The cell sample is placed on a glass coverslip. (b–i) Micro-scale imaging methods
include bright field (b and f), phase contrast (c and g), dark field (d and h), and edge detection (e and i). The first row (b–e) is the examined human
umbilical vein endothelial cell (HUVEC). The second row (f–i) is the observed human bronchial epithelial cell (HBEC). Scale bar: 100μm. (j–m) Intensity
cross-section taken along the white dashed lines in (f–i), respectively.

the cell. Figure 5(e) and (i) presents the edge
detection results of our proposed approach. As
shown in Fig. 5(j–m), the intensity cross-section of
Fig. 5(f–i) is provided. Compared with dark-field
and phase contrast techniques, our method exhibits
clear and strong signals at the cell edges, indicating
exceptionally high sensitivity and precision to detect
the transparent biological specimens.

DISCUSSION AND CONCLUSION
We present the first broadband 2D spatial differen-
tiator based on a dielectric metasurface, which en-
ables high-contrast edge imaging across the whole
visible spectrum. Furthermore, we extend the detec-
tion from intensity object to phase object for both
theory and experiment. Our design also has other
advantages, such as operation in transmission mode
for thewhole system, which ismore compatible with
a standard image processing system. Also, the pro-
posed edge detection is not limited to one single
wavelength because of employment of dielectricma-
terial rather than relying on resonance phenomena.
Its multi-frequencies enable differentiation of color
images. In conclusion, we have shown that 2D spa-
tial differentiation enabled edge detection of inten-
sity and phase objects can be implemented using

a designed dielectric metasurface, and such a design
mayhavebroadapplications in thefieldof analog im-
age processing.

METHODS
Birefringence measurement
Thebirefringence of the sample was conducted with
a quantitative birefringence measurement system
(ABRIO, CRI Inc.) integrated into an optical mi-
croscope microscopy (BX51, Olympus Inc.). A cir-
cularly polarized light from a halogen lamp, passing
through abandpass filter (centerwavelength633nm
and bandwidth of 30 nm) was employed to illumi-
nate the sample. The sample was measured with an
analyzer in the plane perpendicular to the laser prop-
agation direction. The birefringence, including the
phase retardance and orientation of the slow axis,
were extracted [50].

Cell growth
HBEC-5i cells (ATCC R© CRL-3245TM) from hu-
man brain and human umbilical vein endothelial
cells (HUVECs, Lonza C2519A) were separately
cultured in EGM-2 endothelial cell growth medium
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(Lonza CC3162). Cells used for this study were all
below passage 5. To prepare for microscopy, cells
were placed on two Millicell EZ 8-well glass slides
(Millipore Sigma PEZGS0816) at 50 000 cells/mL
and cultured in EGM-2 medium overnight at 37◦C
in a humidified incubator to allow for cell attach-
ment. On the next day, cells were rinsed with phos-
phate buffered saline (PBS) once and fixed in 4%
paraformaldehyde (PFA) solution (Fisher Scientific
AAJ19943K2) for 10 minutes at room tempera-
ture. Cells were then rinsed three times with PBS
to remove all PFA residual. After fixation, the wells
and slide holders of EZ slides were removed, leav-
ing only the slides with fixed cells. The slides were
mounted with VECTASHIELD R© antifade mount-
ing media (Vector Laboratory H1000) and covered
with a cover glass.The mounted slides were dried in
a chemical hood for 20 minutes and stored at 4◦C
until imaging.

SUPPLEMENTARY DATA
Supplementary data are available atNSR online.
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