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(57) ABSTRACT

A 2D spatial differentiator operates in transmission and
comprises a Si Nano rod photonic crystal that can transform
an image, Fin, into its second-order derivative, B_ , aV°E, ,
allowing for direct discrimination of the edges in the image.
The use of a 2D photonic crystal allows for differentiation
and edge detection in all directions with a numerical aper-
ture (NA) up to 0.315 and an experimental resolution
smaller than 4 pm. The nanophotonic differentiator is able to
be directly integrated into an optical microscope and onto a
camera sensor, demonstrating the ease with which it can be
vertically integrated into existing imaging systems. Further-
more, integration with a metalens is demonstrated for real-
izing a compact and monolithic image-processing system. In
all cases, the use of the nanophotonic differentiator allows
for a significant reduction in size compared to traditional
systems, opening new doors for optical analog image pro-
cessing in applications involving computer vision.
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FLAT OPTICS FOR IMAGE
DIFFERENTIATION

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to U.S. Provisional
Patent Application Ser. No. 62/895,804 filed Sep. 4, 2019,
the disclosure of which is expressly incorporated herein by
reference.

BACKGROUND

[0002] Imaging processing is a critical and rapidly advanc-
ing technology for various science and engineering disci-
plines, with ever more complex digital tools opening the
door to new avenues in biological imaging, three-dimen-
sional (3D) reconstruction and autonomous cars. Edge-
based enhancement is particularly useful for data compres-
sion, object inspection, microscopy and general computer
vision. Edge-based enhancement is accomplished using spa-
tial differentiation, which can be based on either electronic
or optical architectures. Although digital circuits are able to
perform complex data processing, there are limitations due
to computation speed and power consumption. Optical ana-
log computation, with the ability to process information
directly using the optical signal, provides an alternative
approach to perform large-scale and real-time data process-
ing with minimal, if any, power consumption.

[0003] Traditionally, analog image differentiation has
been performed using Fourier methods based on lenses and
filter systems. However, the use of multiple conventional
lenses, such as those found in 4f Fourier filtering, results in
a large form factor that is not compatible with compact
integrated systems.

SUMMARY

[0004] A first aspect of the disclosure provides a flat
photonic differentiator. The differentiator comprises a sub-
strate, a photonic crystal, and a cladding layer. The photonic
crystal comprises a two-dimensional array of resonators
positioned on the substrate. Each of the resonators has a first
refractive index, a width, a height, and is centered in a unit
cell of the substrate with a length. The cladding layer has a
second refractive index and is positioned on the substrate.
The resonators are embedded within the cladding layer. The
width, the height, the length, the first refractive index, and
the second refractive index are configured to realize an
optical transfer function for transmitted light through the
photonic differentiator to produce a spatially differentiated
image.

[0005] In some implementations of the first aspect of the
disclosure, the width, height, length, first refractive index,
and second refractive index are related by

(D, a, k] :( &l

na‘}g

)*[i, J> k1,

where D is the width, a is the length, h is the height, A, is the
free space wavelength of a working frequency of the dif-
ferentiator, n,,., is an average of the first refractive index
and the second refractive index, and i, j, and k are dimen-
sional constants for the width, length, and height, respec-
tively.
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[0006] In some implementations of the first aspect of the
disclosure, [i, j, k]=[0.63, 1.35, 0.99], and wherein each of
Aos Dyyes 1, j, and k have a tolerance of +/-20%.

[0007] In some implementations of the first aspect of the
disclosure, the spatially differentiated image is a second-
order derivative of an input image received by the photonic
differentiator.

[0008] In some implementations of the first aspect of the
disclosure, the photonic crystal has a numerical aperture
greater than 0.3.

[0009] In some implementations of the first aspect of the
disclosure, the photonic crystal does not perform polariza-
tion conversion for the transmitted light.

[0010] In some implementations of the first aspect of the
disclosure, the photonic crystal supports quasi-guided
modes for p-polarized incident light.

[0011] In some implementations of the first aspect of the
disclosure, the photonic crystal reflects s-polarized incident
light.

[0012] In some implementations of the first aspect of the
disclosure, the photonic crystal transmits a brightfield image
of incident light with a wavelength more than a threshold
difference than the working wavelength.

[0013] In some implementations of the first aspect of the
disclosure, the working wavelength is one or more wave-
lengths within a range of 100 nm of each other.

[0014] In some implementations of the first aspect of the
disclosure, a refractive index of the substrate is within 10%
of the second refractive index.

[0015] In some implementations of the first aspect of the
disclosure, a cross-sectional shape of each of the resonators
is selected from the group consisting of: a circle, a hexagon,
a square, a triangle, and a regular polygon.

[0016] A second aspect of the disclosure provides an
imaging system that comprises an illumination source and a
photonic differentiator. The illumination source is config-
ured to selectively transmit illumination light at a first
wavelength. The photonic differentiator positioned to
receive light of a scene illuminated by the illumination light.
The photonic differentiator comprises a substrate, a photonic
crystal, and a cladding layer. The photonic crystal compris-
ing a two-dimensional array of resonators positioned on the
substrate. Each of the resonators has a first refractive index,
a width, a height, and is centered in a unit cell of the
substrate with a length. The cladding layer has a second
refractive index and is positioned on the substrate, wherein
the resonators are embedded within the cladding layer. The
width, height, length, first refractive index, second refractive
index, and third refractive index are configured to realize an
optical transfer function in transmitted light through the
photonic differentiator to produce a spatially differentiated
image of the scene when illuminated by illumination light at
the first wavelength.

[0017] In some implementations of the second aspect of
the disclosure, the imaging system further comprises an
image sensor configured to capture the spatially differenti-
ated image of the scene. The photonic differentiator is
positioned between the scene and the image sensor.

[0018] In some implementations of the second aspect of
the disclosure, the imaging system further comprises an
objective of a microscope. The photonic differentiator is
positioned between the scene and the objective.
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[0019] In some implementations of the second aspect of
the disclosure, the width, height, length, first refractive
index, and second refractive index, are related by

(D, a, k] :( &l

na‘}g

)*[i, J> k1,

where D is the width, a is the length, h is the height, A, is a
free space wavelength of a working wavelength of the
differentiator, n,, is an average of the first refractive index
and the second refractive index, and i, j, and k are dimen-
sional constants for the width, length, and height, respec-
tively.

[0020] In some implementations of the second aspect of
the disclosure, the illumination source is configured to
selectively transmit illumination light at either the first
wavelength or a second wavelength. The photonic crystal
transmits a brightfield image of the scene when illuminated
by the illumination light with the second wavelength.
[0021] In some implementations of the second aspect of
the disclosure, the imaging system further comprises a
controller configured to cause the illumination source to
selectively transmit illumination light of the first wavelength
to produce the spatially differentiated image and configured
to cause the illumination source to selectively transmit
illumination light of the second wavelength to produce the
brightfield image.

[0022] In some implementations of the second aspect of
the disclosure, [i, j, k]=[0.63, 1.35, 0.99], and wherein each
of Ag. Ngy 1, j. and k have a tolerance of +/~20%.

[0023] In some implementations of the second aspect of
the disclosure, the photonic crystal supports quasi-guided
modes for p-polarized incident light, and wherein the pho-
tonic crystal reflects s-polarized incident light.

[0024] These and other features will be more clearly
understood from the following detailed description taken in
conjunction with the accompanying drawings and claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0025] For a more complete understanding of the present
disclosure, reference is now made to the following brief
description, taken in connection with the accompanying
drawings and detailed description, wherein like reference
numerals represent like parts.

[0026] FIG. 1A is a schematic diagram of an optical
differentiator comprising a photonic crystal for two-dimen-
sional image differentiation using nanophotonic materials
that act as a Laplacian operator that transforms an image into
its second-order derivative suitable for implementing the
several embodiments of the disclosure.

[0027] FIG. 1B is a unit cell of the photonic crystal of the
differentiator with a silicon nanorod suitable for implement-
ing the several embodiments of the disclosure.

[0028] FIGS. 1C-1D are simulated transmission coeffi-
cient amplitudes as a function of frequency and incident
angle for s and p polarizations suitable for implementing the
several embodiments of the disclosure.

[0029] FIG. 1E is an optical transfer function for p polar-
ization at 1,120 nm suitable for implementing the several
embodiments of the disclosure.
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[0030] FIG. 1F is an optical transfer function with an
efficiency of ~81% at a numerical aperture (NA) of ~0.315
suitable for implementing the several embodiments of the
disclosure.

[0031] FIG. 1G is an optical transfer function with an
efficiency of ~90% at an NA of 0.326 suitable for imple-
menting the several embodiments of the disclosure.

[0032] FIG. 1H is a schematic of a simulation model for
the bound-state-in-the-continuum (BIC) and quasi-guided
modes suitable for implementing the several embodiments
of the disclosure.

[0033] FIG. 1l is top views of the field profiles showing
excitation of the BIC (top) and quasi-guided mode (bottom)
suitable for implementing the several embodiments of the
disclosure.

[0034] FIG. 1] is side views of the field distributions for
the BIC (left) and quasi-guided mode (right) suitable for
implementing the several embodiments of the disclosure.
[0035] FIG. 2A is a scanning electron microscope image
of the fabricated silicon photonic crystal suitable for imple-
menting the several embodiments of the disclosure.

[0036] FIGS. 2B-2C is a simulated transmission spectra
for s and p polarization suitable for implementing the several
embodiments of the disclosure.

[0037] FIG. 2D is an experimental set-up for measuring
the transmission spectra at various angles suitable for imple-
menting the several embodiments of the disclosure.

[0038] FIGS. 2E-2F are measured transmission spectra for
s-polarized and p-polarized incident light suitable for imple-
menting the several embodiments of the disclosure.

[0039] FIG. 2G are measured back focal plane images
without and with the nanophotonic differentiator suitable for
implementing the several embodiments of the disclosure.
[0040] FIG. 2H-2I are extracted 1D modulated transfer
function along different azimuthal angles in the horizontal
plane suitable for implementing the several embodiments of
the disclosure.

[0041] FIGS. 2J-2K are transmission spectra at various
azimuthal angles in the horizontal plane ranging from 15° to
45° for s- and p-polarization input suitable for implementing
the several embodiments of the disclosure.

[0042] FIGS. 2L-2N are transmission spectra showing
structural tolerances of the height, width, and length in the
photonic crystal suitable for several embodiments of the
disclosure.

[0043] FIG. 3A is a schematic of an imaging set-up for
differentiator resolution characterization suitable for imple-
menting the several embodiments of the disclosure.

[0044] FIGS. 3B-3C are imaging results for the target
without and with the differentiator suitable for implementing
the several embodiments of the disclosure.

[0045] FIG. 3D is a horizontal cut through of the image in
FIG. 3C compared to the calculated second-order derivative
calculated by the Laplacian of Gaussian filter suitable for
implementing the several embodiments of the disclosure.
[0046] FIG. 3E is edge detection results at different wave-
lengths ranging from 1,100 nm to 1,180 nm suitable for
implementing the several embodiments of the disclosure.
[0047] FIG. 3F is a band structure along the I'-X direction
suitable for implementing the several embodiments of the
disclosure.

[0048] FIG. 3G is a retrieved Q factor and radiative
linewidth as a function of NA suitable for implementing the
several embodiments of the disclosure.
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[0049] FIG. 3H is a simulated transmission amplitude as a
function of frequency and incident angle for p-polarization
suitable for implementing the several embodiments of the
disclosure.

[0050] FIG. 31 is a modulation transfer function at the
working frequency calculated by theory and full-wave simu-
lation suitable for implementing the several embodiments of
the disclosure.

[0051] FIGS. 3]J-3K are transmission spectra calculated by
theory and full-wave simulation suitable for implementing
the several embodiments of the disclosure.

[0052] FIG. 4A is a schematic of an edge detection micro-
scope at visible frequencies. suitable for implementing the
several embodiments of the disclosure.

[0053] FIGS. 4B-4D are imaging and edge detection
results for three types of biological cell samples at a wave-
length away from the resonant frequency and at the working
wavelength suitable for implementing the several embodi-
ments of the disclosure.

[0054] FIG. 5A is a fabrication process of a large-scale
image differentiator using nanosphere lithography suitable
for implementing the several embodiments of the disclosure.
[0055] FIG. 5B is an optical image of a centimeter-scale
differentiator suitable for implementing the several embodi-
ments of the disclosure.

[0056] FIG. 5C is scanning electron microscope images of
the silicon rods suitable for implementing the several
embodiments of the disclosure.

[0057] FIG. 5D is a schematic of the imaging set-up with
the large-scale device in front of a near-infrared (NIR)
camera sensor suitable for implementing the several
embodiments of the disclosure.

[0058] FIG. 5E is an optical image of a first plastic flower
mould imaging target suitable for implementing the several
embodiments of the disclosure.

[0059] FIG. 5F is a bright-field and differentiated results
for the first target suitable for implementing the several
embodiments of the disclosure.

[0060] FIG. 5G is an optical image of a second plastic
flower mould imaging target suitable for implementing the
several embodiments of the disclosure.

[0061] FIG. 5H is bright-field and differentiated results for
the second target suitable for implementing the several
embodiments of the disclosure.

[0062] FIGS. 6A-6C are optical images of the nanopho-
tonic differentiator, metalens, and monolithic compound
metaoptic system suitable for implementing the several
embodiments of the disclosure.

[0063] FIG. 6D is a schematic of the imaging set-up with
the metaoptic system suitable for implementing the several
embodiments of the disclosure.

[0064] FIG. 6E is imaging results for bright-field and
differentiated onion cells with the metaoptic system suitable
for implementing the several embodiments of the disclosure.
[0065] FIGS. 7A-7F are modulated transfer function and
the quadratic fitting between 1100 and 1180 nm suitable for
implementing the several embodiments of the disclosure.
[0066] FIG. 8A is a schematic of the imaging setup with
the differentiator with a field stop suitable for implementing
the several embodiments of the disclosure.

[0067] FIG. 8B is bright-field and differentiated images of
onion cells at the wavelength of 1120 nm suitable for
implementing the several embodiments of the disclosure.
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[0068] FIGS. 8C-8F are differentiated images of the onion
cells at different wavelengths ranging from 1130 nm to 1180
nm suitable for implementing the several embodiments of
the disclosure.

[0069] FIGS. 9A-9C show details of a transmission map
for a differentiator with an operational wavelength of 1,450
nm suitable for implementing the several embodiments of
the disclosure.

DETAILED DESCRIPTION

[0070] It should be understood at the outset that although
illustrative implementations of one or more embodiments
are illustrated below, the disclosed systems and methods
may be implemented using any number of techniques,
whether currently known or in existence. The disclosure
should in no way be limited to the illustrative implementa-
tions, drawings, and techniques illustrated below, but may be
modified within the scope of the appended claims along with
their full scope of equivalents. Use of the phrase “and/or”
indicates that any one or any combination of a list of options
can be used. For example, “A, B, and/or C” means “A”, or
“B”, or “C”, or “A and B”, or “A and C”, or “B and C”, or
“Aand B and C”.

[0071] One option for significantly reducing the optical
system size in comparison to 4f Fourier filtering is to employ
nanophotonic materials such as metasurfaces and photonic
crystals for optical image processing. For example, it has
been shown that multiple metasurfaces can be used to
perform a range of mathematical operations and there have
been several theoretical proposals for image differentiation
using single-layer nanophotonic materials. Furthermore,
image differentiation has been experimentally demonstrated
using photonic crystals, the spin Hall effect, surface plas-
mon-based devices and the Pancharatnam-Berry phase.
However, these past experimental approaches have been
restricted to 1D and some require additional refractive
elements (prisms or lenses) for either plasmon coupling or
performing a Fourier transform, which negates the advan-
tage of the thin and flat elements.

[0072] Disclosed herein is an experimentally demon-
strated 2D spatial differentiator that operates in transmis-
sion. FIG. 1A is a schematic diagram of an optical differ-
entiator 100 comprising a photonic crystal 102 for two-
dimensional image differentiation using nanophotonic
materials that act as a Laplacian operator that transforms an
image into its second-order derivative suitable for imple-
menting the several embodiments of the disclosure. The
differentiator 100 comprises of a Si Nano rod photonic
crystal 102 that can transform an image, E,, 104, into its
second-order derivative, E_,, 106aV°E,, 104, allowing for
direct discrimination of the edges in the image. The use of
a 2D photonic crystal 102 allows for differentiation and edge
detection in all directions with a numerical aperture (NA) up
to 0.315 and an experimental resolution smaller than 4 pm.
Discussed in more detail below, the nanophotonic differen-
tiator 100 is able to be directly integrated into an optical
microscope and onto a camera sensor, demonstrating the
ease with which it can be vertically integrated into existing
imaging systems. Also demonstrated herein, the nanopho-
tonic differentiator 100 may be integrated with a metalens
for realizing a compact and monolithic image-processing
system. In all cases, the use of the nanophotonic differen-
tiator 100 allows for a significant reduction in size compared
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to traditional systems, opening new doors for optical analog
image processing in applications involving computer vision.

Results

[0073] To perform second-order spatial differentiation, an
optical filter or material should act as a Laplacian operator
on the transmitted light with an electric field profile given by
E,,,0V°E,, where V? is given by

our in®
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In this case the optical transfer function H(k,,k,) follows the
function:

Hs (ks ky) Hsplhs, ky)
Hps (ks ky) Hpp s, ky)

Equation (1
Hikeo k) = quation (1)
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where s, p on the first and second subscript denote the
polarization of the incident and transmitted light, respec-
tively, and c_, and ¢, correspond to polarization conversion.
To achieve the required transfer function the photonic crys-
tal slab 102 is used to support quasi-guided modes. Unlike
modes guided below the light line, quasi-guided modes are
leaky, propagating in a high-index dielectric slab within a
light cone. When the frequency, momentum and symmetry
match with the quasi-guided modes, Fano interference
occurs between the direct transmission and quasi-guided
mode, which can lead to near-unity back reflection or
transmission. In recent experimental work, Fano interfer-
ence in 1D photonic crystals has been employed for spatial
differentiation and theoretical work has been carried out on
2D photonic crystals for this purpose, although the NA was
limited. Here, we employ a 2D design with an NA that is
large enough for integration into both traditional and non-
traditional imaging systems, allowing for compact optical
analog image-processing systems.

[0074] To realize the required transfer function the 2D
photonic crystal 102 is composed of resonators 108 embed-
ded in a cladding layer 110 on a substrate 112. FIG. 1B
shows a unit cell 114 of the differentiator 100, comprising
one of the nanorod resonators 108. Each of the nanorod
resonators 108 has a height 116, h, and a width 118, D. Each
of the resonators 108 is centered in the unit cell 114, where
the unit cell 114 has a length 120, a, sometimes referred to
as the period or periodicity of the resonators 108 in the
photonic crystal 102. Therefore, the resonators 108 are
arranged in a two-dimensional array in the differentiator 100
to form the photonic crystal 102. While a square array with
seven resonators 108 on each side is shown, more or fewer
resonators may be present. Additionally, the resonators 108
may be arranged in a two-dimensional array (i.e., lattice)
with different resonator arrangements to form the photonic
crystal 102, such as a rectangular or hexagonal lattice. In
various implementations, the resonators 108 may be
arranged in a symmetrical lattice to form the photonic
crystal 102. Other shapes for the photonic crystal 102 are
contemplated by this disclosure.
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[0075] In the example shown, the resonators 108 are
cylindrical silicon (Si) nanorods embedded in a polymethyl
methacrylate (PMMA) cladding layer 110 on a silicon
dioxide (SiO,) substrate 112. Other materials are contem-
plated by this disclosure for one or more of the resonators
108, the cladding layer 110, and/or the substrate 108. For
example, each of the cladding layer 110 and/or the substrate
112 may be selected to be formed of other transparent
materials. The cladding layer 110 may be formed of other
transparent polymer or ceramic materials. In general, the
material of the cladding layer 110 is selected such that a
refractive index of the cladding layer 110 is within 10% of
the refractive index of the substrate 112, but a cladding layer
of air can be used with a reduction in performance in some
implementations.

[0076] In the example shown, the height 116 of the cylin-
drical resonators 108 is 440 nm, the width 118 of the
cylindrical resonators (i.e., diameter in this example) is 280
nm, and the resonators 108 are arranged with unit cells 114
with the length 120 of 600 nm (i.e., the resonators 108 are
arranged in a lattice with a period of 600 nm to form the
photonic crystal 102). While the dimensions in this example
correspond with a working frequency of 268 THz (working
wavelength A,=1,120 nm), the dimensions of each of the
height 116, width 118, and length 120 may be scaled to a
desired working frequency. For example, as described in
detail below, for a working a wavelength of 740 nm, the
width 118 is 180 nm, the length 120 (i.e. period) is 385 nm,
and the height 116 is 280 nm. In another example, for an
operational wavelength of 1,450 nm, the width 118 is 340
nm, the height 116 is 480 nm, and the length is 740 nm. Each
of the dimensions may vary by +/-20% of the values
expressed above. In some implementations, the dimensions
may be normalized to the operation wavelength. In some
implementations, the dimension may further be scaled based
on ratios of the refractive indexes of the materials.

[0077] More generally, following the design with the
1,120 nm working wavelength, the height 116, the width
118, and the length 120 may be expressed as a function of
the operational wavelength of the photonic crystal 102 as:

Equation (2)

2.5 280 600 440
(D, a, ] = [ ] ]

e ) [1120° T120° T120

:[ Yo )*[i,j,k],

I’lm,g

where A, is the free space wavelength of a working wave-
length for the differentiator 100, n,,,,, is the average of the
refractive index of the resonators 108 and the refractive
index of the cladding layer 110, i, j, and k are dimensional
constants for the width 118, length 120, and height 116,
respectively. Herein, [i, j, k]=[0.63, 1.34, 0.99] and each of
Ao D 1, j. and k have a tolerance of +/~20%. In the
example above with Si nanorod resonators 108 and a
PMMA cladding layer 110, n,, =2.5. Therefore, a new
differentiator may be redesigned to work at a new working
wavelength and/or with different materials and the height
116, the width 118, and the length 120 for the new differ-
entiator may be easily determined using Eq. 2.

[0078] In various implementations, each of the height 116,
the width 118, and the length 120 may have a structural
tolerance with respect to one another. For example, keeping
the height 116, and the length 120 constant, the width 118
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has a ratio tolerance of 0.85-1.1 of a designed width (e.g.,
width determined based on Eq. 2 for a given working
wavelength). Likewise, keeping the width 118 and the length
120 constant, the height 116 has a ratio tolerance of 0.95-1.2
of a designed height (e.g., height determined based on Eq. 2
for a given working wavelength). Similarly, keeping the
height 116 and the width 118 constant, the length 120 has a
ratio tolerance of 0.98-1.05 of a designed length (e.g., length
determined based on Eq. 2 for a given working wavelength).
[0079] While the resonators 108 are shown as having a
cylindrical shape (i.e., circular cross-sectional shape) in the
examples provided herein, other shapes may be used for the
resonators 108. For example, a cross-sectional shape of the
resonators 108 may be a hexagon, a square, a triangle, or any
other regular polygon.

[0080] FIGS. 1C-1D are simulated transmission coeffi-
cient amplitudes as a function of frequency and incident
angle for s and p polarizations suitable for implementing the
several embodiments of the disclosure. FIG. 1C shows the
simulated transmission coefficient amplitude It(f, 0) as a
function of frequency and incident angle along the I'-X
direction (p=0°, where ¢ is the azimuthal angle in the
horizontal plane) for s polarization. FIG. 1D shows the
simulated transmission coefficient amplitude It(f, 0) as a
function of frequency and incident angle along the I'-X
direction (p=0°) for p polarization. Note that no polarization
conversions occurs for the transmitted light.

[0081] At normal incidence, two broad transmission dips
are observed at 244 and 268 THz, indicating the presence of
two Mie resonances with low quality factor. There is also a
bound state in the continuum (BIC) at 249 THz, which is
completely decoupled from free space at the I' point due to
symmetry protection.

[0082] At oblique incidence, the transmission follows a
different trend for s and p polarization. Under s polarization,
the dipole resonant frequencies remain unchanged as a
function of incident angle. The invariant resonance results in
no transmitted light for s-polarized input (transmission spec-
tra for s- and p-polarized input at other angles ¢ are shown
in FIGS. 2J-2K). Due to the mirror symmetry of the photonic
crystal 102 with respect to the horizontal plane (z=0),
regardless of the incident polarization, there is also no
s-polarized output based on optical reciprocity, leading to
the matrix components c,, ¢, and ¢, being zero in Bquation
(1). See, for example, the lack of transmission for s-polar-
ized input at the working wavelength of 1,120 nm in FIG.
2B.

[0083] However, under p-polarization, the BIC resonance
begins to couple to free space, becoming quasi-guided with
a finite lifetime, and a Fano resonance results in a rapid
change in transmittance as the incident angle becomes larger
(additional details regarding the response are shown in
FIGS. 3F-3K). The working frequency of 268 THz (A,=1,
120 nm), which is away from the BIC, was chosen to obtain
the proper transfer function. The resulting modulation trans-
fer function IH(k,)! and phase along the I'-X direction for
p-polarization are shown in FIG. 1E. FIG. 1E shows the
optical transfer function IH(k )| for p-polarization at A =1,
120 nm, and the quadratic fitting in the form of cppkxz.
Importantly, the modulation transfer function has the
required quadratic dependence given by H(kx):cppkxz,
shown by a fit (dashed line) to the simulated data (dark solid
line). The quadratic curve is a near perfect fit (the average
deviation of IH(k,)! is 1.1%) up to an NA (nk,=0.315, which
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equates to an edge resolution on the scale of 2.17 um
(1.94}.). Additionally, the average phase (light solid line)
variation ZH(k,) is 0.34 rad (19°).

[0084] To balance the roles of NA, accuracy of the transfer
function, and transmittance for image differentiation, the
differentiation efficiency 1) is defined herein as the square of
the transfer function [H(k )I*> at the maximum spatial fre-
quencies that can be fitted to the desirable mathematical
function (the Laplacian for this work). In this regard, the
efficiency can be as high as 81% at an NA=0.315. Because
the maximum NA also depends on the fitting accuracy, we
can also expand the maximum fitted NA to 0.326 to achieve
an efficiency of 90%, at a slight expense to the accuracy (for
details of the fitting and a summary of previous work see
Table 1 and FIGS. 1F-1G). FIG. 1F shows the optical
transfer function IH(k )l along the I'-X direction, and the
quadratic fitting in the form of cppkx2 . The efficiency IH(k )
is ~81% at an NA of ~0.315. FIG. 1G shows the optical
transfer function IH(k,)l along the I'-X direction, and the
quadratic fitting in the form of cppkx2 . The efficiency IH(k )
is ~90% at an NA of 0.326.

TABLE 1
Efficiency

References NA Operation 1H(k,,,,)! n
Zhu, T. et al. Plasmonic <0.01 1D, ~40% ~16%
computing of spatial 1¥ order
differentiation.
Nat. Commun. 8, 1-6 (2017)
Cordaro, A. et al. High-index 0.35 1D, ~100%  ~100%
dielectric metasurfaces 27 order
performing mathematical
operations. (2019).
Guo, C., Xiao, M., Minkov, 0.013 2D, <30% <9%
M., Shi, Y. & Fan, S. 274 order

Photonic crystal slab Laplace

operator for image

differentiation. Optica

5,251 (2018).

Optical Differentiator 0.32 2D, 95% 90%
Presented Herein 27 order

[0085] To better understand the polarization dependence,
the profile of the BIC mode as a function of in-plane
wavevector is examined. The structure was modelled using
a finite-difference time-domain (FDTD) solver (MEEP) by
placing an electric dipole, E,_ (dot, FIG. 1H), within the slab
at the BIC frequency of 249 THz, then the in-plane wavevec-
tor was swept long the I'-X direction, as shown in FIG. 1H.
FIG. 1H is a schematic of the simulation model for the
bound-state-in-the-continuum (BIC) and quasi-guided
modes. Top view of the E_ field profiles are shown in FIG.
11, showing the excitation of a vertical electric dipole. FIG.
11 is top views of the E_ field profiles showing excitation of
the BIC (top) and quasi-guided mode (bottom) at k, =0 and
0.12 (2m/a), respectively. The symmetry plane is denoted by
the dashed line (y=0). For a system with a sub-diffractional
period, the array of dipoles oscillates in-phase, supporting
in-plane radiation completely decoupled from free space.
Away from the I' point, this state starts to become quasi-
guided and radiative as the symmetry is no longer protected,
as can be seen from the side views of the E, field distribu-
tions in FIG. 1J. FIG. 1] is side views of the E_ field
distributions for the BIC (k,=0, left) and quasi-guided mode
at k =0.12 (2mt/a, right). Along the I'-X direction, odd and
even modes with respect to the vertical mirror plane (y=0)
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can be excited by the s and p components, respectively.
Based on symmetry considerations, the photonic crystal slab
only couples to free-space modes of the same type of
symmetry. Thus, the quasi-guided mode, which possess an
even symmetry (FIG. 1I), can only be excited by p polar-
ization, leading to an angularly dependent transmission for
p polarization while remaining reflective for s polarization.
Additional details regarding the theoretical analysis are
provided in the section Calculation of angularly-dependent
transmission using temporal coupled-mode theory and
FIGS. 3F-3K.

[0086] To experimentally validate the design, 200x200
pm2 differentiator was fabricated using electron-beam
lithography (EBL) in conjunction with reactive ion etching
(RIE). The fabricated differentiator is used for characteriza-
tion of the nanophotonic spatial differentiator. A scanning
electron microscopy (SEM) image of the fabricated device
with a Si photonic crystal is shown in FIG. 2A. The
simulated transmission spectra are presented in FIGS.
2B-2C for s and p polarization, respectively, and a schematic
of the measurement set-up is shown in FIG. 2D. FIGS.
2B-2C are simulated transmission spectra along the I'-X
direction for s and p polarization.

[0087] FIG. 2D is an experimental set-up 200 for measur-
ing the transmission spectra at various angles. The experi-
mental set-up 200 comprises a polarizer P, a rotation stage
R, a tube lens L (f=200 mm), and a flip mirror M. The
polarizer P is configurable to polarize incident light 210 to
produce s or p polarized light 212. To acquire angle-
dependent transmission measurements, a sample 202 with
the optical differentiator 100 was mounted on the rotation
stage R and imaged by a camera 204 through a magnification
system 206 composed of an objective 208 paired with the
tube lens L.

[0088] FIGS. 2E-2F show the measured transmission
spectra at various incident angles under s and p polarized
incident light 210, respectively. The incident light is along
the I'-X direction with angles ranging from 0° to 24°. The
trend and shape of the measured spectra are in good agree-
ment with the simulation shown in FIGS. 2B-2C.

[0089] To map the entire transfer function in k-space,
Fourier plane imaging of the device was carried out. The
nanophotonic differentiator 100 was illuminated by unpo-
larized light at a wavelength of 1,120 nm and a x50 objective
(NA=0.42) was used as a condenser with the Fourier images
acquired in the back focal plane of a x20 objective (NA=0.
4).

[0090] FIGS. 2G-2I show the measured back focal plane
imaging and the transfer function IH(k,)! along the ¢=0°
(I"-X) and @=45° azimuthal plane (I"-M). FIG. 2G shows the
measured back focal plane images without and with the
nanophotonic differentiator. FIG. 2H-2I show an extracted
1D modulated transfer function along ¢=0° and 45°. Along
the I'-X direction, the transfer function matches with the
fitted parabolic curve over an NA=0.305. Although the
Fourier imaging indicates a non-isotropic transfer function,
the Laplacian transform at ¢=45° can still be fitted with a
quadratic function up to an NA=0.28. FIGS. 2J-2K show
transmission spectra at various azimuthal angles, where @
and 0O correspond to in-plane and out-of-plane azimuthal
angles, respectively. The transmission spectra for the in-
plane azimuthal angle ¢ ranging from 15° to 45° for s- (FIG.
2]) and p-polarization (FIG. 2K) input. The near-zero trans-
mission at A==1120 nm for s-polarization indicate that no
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polarization conversion occurs for the transmitted light.
FIGS. 2L-2N are transmission spectra showing structural
tolerances of the height 116, width 118, and length 120 in the
photonic crystal 102.

[0091] To experimentally quantify the resolution, the
nanophotonic differentiator 100 was used to detect the edges
of a 1951 USAF resolution test chart 302. A schematic of an
imaging set-up 300 for quantifying the resolution of the
differentiator 100 is shown in FIG. 3A. The test chart 302
was illuminated using unpolarized and collimated light 304
with a wavelength of 1,120 nm. Unlike previous experimen-
tal work, in this case no polarizers are needed to implement
image differentiation, which further reduces the system
footprint and complexity. That is, because the differentiator
100 is reflective for s-polarized light, there is no need to
include a polarizer in the imaging set-up 300. The differen-
tiator 100 was placed directly in front of the test chart 302,
which was then imaged through a magnification system 306
comprising an objective 308 paired with a tube lens 310 and
a near-infrared camera 312. The imaging results without the
differentiator 100 for element sizes ranging from 30 um to
4 pm are shown in FIG. 3B. FIG. 3C shows the images of
the test chart 302 after being passed through the differen-
tiator 100. The edges of the micrometer-scale elements are
clearly revealed along both horizontal and vertical direc-
tions, which indicates 2D spatial differentiation with a
resolution smaller than 4 pm. FIG. 3D shows a horizontal-
cut intensity distributions 314 through the differentiated
images in FIG. 3C (white dashed line), compared to the
second-order derivative based on the Laplacian of Gaussian
filter. Due to the nature of the second-order derivative, two
closely spaced peaks are formed around each edge, which
can be observed from both the calculation and measurement.
It is also important to note that the differentiator can operate
over a relatively broad band due to the low quality factor
resonance away from the BIC state (for details of modula-
tion transfer functions at other wavelengths see FIGS.
7A-7F). FIGS. 7A-7F are modulated transfer function IH(k)!
and the quadratic fitting between 1100 and 1180 nm.
Although the differentiator is not an ideal Laplacian operator
away from the designed wavelength, the images in FIG. 3E
indicate that it can still be used for edge discrimination
across a bandwidth from 1,100 and 1,180 nm.

Calculation of Angularly-Dependent Transmission
Using Temporal Coupled-Mode Theory

[0092] To verify the excitation of the quasi-guided mode
as the primary mechanism for the angular-dependent trans-
mission, a quasi-analytical coupled mode model is used to
calculate the transmission amplitude of the differentiator
100. This model is based on the interference between a direct
transmission pathway and an indirect pathway which is due
to the quasi-guided mode. Further expanding the traditional
coupled mode theory to express the transmission coefficient
as a function of incident angle:

yk) Equation (3)

R e

where t, is the direct transmission coefficient and  is the
incident frequency, ®, is the center frequency and y(k) is
the radiative linewidth of the quasi-guided mode. This
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quasi-guided mode becomes a BIC at normal incidence with
v(k)=0. f is the complex amplitude constrained by energy
conservation and time-reversal symmetry, which can be
expressed as:

S (tgery),

where r, is the direct reflection coefficient. Calculations of't,
and r, are performed using full-wave simulations at normal
incidence where the linewidth (y(k)) goes to zero. As illus-
trated in the inset of FIG. 3F, t, is near-zero at normal
incidence over the frequency band of interest due to the
presence of Mie resonances, which is further illustrated in
the s-polarization transmission plot in FIG. 1C. In the model
presented herein, it is assumed that t, remains near-zero as
a function of in-plane wavevector (k). While this assumption
cannot be directly verified, it is seen that there is excellent
agreement between the analytical and full-wave results. This
assumption is also supported by the fact that transmission
for s-polarization does remain near-zero as a function of k
(FIG. 1C).

[0093] Next, to extract y(k) the quality factor, Q(k), can be
used, which is retrieved using the Harminv tool of Meep by
directly exciting the quasi-guided modes inside the photonic
crystal 102 as a function of k. The radiative linewidth y(k)
can then be determined using

0g6/QK).

[0094] FIG. 3F shows the band structure obtained from
Meep, indicating an invariant position of w,; over an NA
(nsin(0)) of 0.12. The calculation of Q(k) was performed
using Harminv. FIG. 3G shows the retrieved Q(k) and y(k)
over the NA ranging from 0 to 0.12, beyond which the Q(k)
is below the lifetime threshold of Harminv and becomes
intractable. Note that the extracted quality factors are far
greater than what is achievable with a Mie resonance in a
cylinder verifying that this mode must be quasi-guided. FIG.
3F is a band structure along the I'-X direction obtained from
FDTD. The inset corresponds to a schematic of a unit cell.
The Si rod is embedded in a uniform layer of SiO,. FIG. 3G
is retrieved Q factor and radiative linewidth (y) as a function
of NA (nsin(0)).

[0095] Based on Equation (3), the transfer function at the
working frequency (f, in FIG. 3H) can be plotted as a
function of angle using the retrieved y(k) which is shown in
FIG. 31 with a comparison to the full-wave solution. FIG. 3H
is a simulated transmission amplitude It(f, 0)! as a function
of frequency and incident angle (0,,,) for p-polarization.
Note that the use of a uniform SiO, cladding layer 110
results in a slight shift in the quasi-guided mode and
working-frequencies. FIG. 31 is a modulation transfer func-
tion at the working frequency (f,) calculated by theory and
full-wave simulation.

[0096] The transmission spectra as a function of frequency
and incident angle are provided in FIG. 3] with the full-wave
comparison in FIG. 3K. FIGS. 3J-3K are transmission
spectra calculated by theory in FIG. 3] and full-wave
simulation in FIG. 3K. The inset in FIG. 3K corresponds to
the transmission at normal incidence. From FIGS. 31-3K, it
can be observed that the theoretical predictions agree well
with the full-wave simulations, indicating the excitation of
the quasi-guided modes as the primary mechanism respon-
sible for the angularly-dependent transmission. The theo-
retical calculation was only performed over a small angle
range (~6.67°) due to the intractable Q factor owing to
strongly radiative modes. However, due to the smooth

Equation (4)

Equation (5)
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variation of transmission beyond 7° and across the fre-
quency range of interest (FIG. 3H) it is reasonable to assume
that the quasi-guided modes remain the primary mechanism
even at higher angles.

[0097] FIG. 4A is an edge detection microscope 400 at
visible frequencies. One of the primary benefits of flat optics
is the ability to vertically integrate them with traditional
optical systems. To demonstrate the potential of this
approach, an edge detection microscope 400 was built by
integrating the image differentiator 100 with a commercial
optical microscope 402 (Zeiss Axio Vert.Al). In this case,
the nanophotonic differentiator 100 was redesigned for a
working wavelength of 740 nm using cylindrical resonators
108 with the width 118 (i.e., diameter) of 180 nm, the length
120 (i.e., period) of 385 nm, and the height 116 of 280 nm.
The differentiator has dimensions of 3.5x3.5 mm?® and is
placed below a sample stage 404 directly on top of the
microscope objective 406 (x10). An unpolarized monochro-
matic laser 408 (A,=740 nm) was used as the light source
incident from the top and imaged on a charge-coupled
device 410 (CCD; uEye).

[0098] Three types of biological cell were used as the
imaging specimen. FIGS. 4B-4D show the imaging and edge
detection results of onion epidermis (FIG. 4B), pumpkin
stem (FIG. 4C) and pig motor nerve (FIG. 4D). The bright-
field images were obtained at a wavelength of A=900 nm,
which is away from the quasi guided resonance. In some
implementations, a controller (not shown) can selectively
control the light source to produce 900 nm illumination light
for capturing bright-field images or to produce 740 nm
illumination light for capturing spatially differentiated
images. It can be seen that the shapes and boundaries of cells
are less discernible due to the transparent nature of the
specimen. By switching to the working wavelength of
’o=740 nm, clear and high-contrast cell boundaries are
shown on the spatially differentiated images on the right.
[0099] Here, the size of the differentiator 100 is on the
same order, but slightly smaller, than the objective’s 406
aperture. This could result in the differentiator acting as a
beam block, allowing light at large wavevectors to pass
around the edges. To exclude such an effect, a control device
was made by placing a field stop around the differentiator
while also placing the differentiator close to the cell sample.
The results, shown in FIGS. 8 A-8F, show that high-contrast
cell boundaries are preserved, verifying that the edge
enhancement is due to the transfer function of the differen-
tiator. This edge enhancement is similar to dark-field micros-
copy but without the use of complex components such as a
condenser annulus, which has to be aligned in the optical
pathway, resulting in significantly reduced system complex-
ity.

[0100] Another way in which the differentiator can be
used in traditional optical systems is by integration onto a
camera sensor. In this case, and in most practical computer
vision applications, fabrication at much larger scales is
necessary. One potential avenue for scale-up is to employ
self-assembly-based nanosphere lithography, which takes
advantage of the inherent periodicity and cylindrical unit
cell geometry employed here. This method for realizing
large-area reflectors is described below with reference to
FIG. 5A.

[0101] FIG. 5A is flowchart of a fabrication process 500
for a large-scale image differentiator 502 using nanosphere
lithography. As shown, a monolayer of nanospheres 504 is
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formed at the water/air interface 505 of a bath 506 and then
transferred to a tilted substrate 508 with a Si film 510,
resulting in densely packed nanospheres arranged in a
hexagonal lattice 512. The nanospheres 512 are then down-
sized and used as a dry etch mask for defining the Si
nanostructures 514.

Large-Scale Fabrication Using Nanosphere
Lithography

[0102] In an example, a polystyrene (PS) nanosphere
solution (D=740 nm, 10 wt %), obtained from Thermo
Fisher Scientific, is first diluted in an equal volume of
ethanol by sonication. A Teflon bath 506 is half-filled with
deionized water (DI) and a tygon tube 518 is connected to
a syringe 520 and held upright with its bevel tip just
touching the water surface which allows the formation of a
meniscus that helps keep the spheres from falling into the
liquid. The sphere solution is then slowly injected onto the
water surface at a rate of 5 ul./min by a syringe pump (not
shown) to form a monolayer of densely packed nanospheres
504. To facilitate a densely packed film, a perturbation may
be added during assembly through a controlled flow (5
L/min) of compressed nitrogen gas using a flat nozzle. Inside
the water bath 506, the Si substrate 508 is tilted at 10° to help
release the stress and accommodate defects. The densely
packed nanosphere film 504 is then transferred to the Si
substrate 508 by slowly draining the bath 506. The entire
process takes less than 30 minutes to pattern a ~1 cmx1 cm
area.

[0103] To investigate the feasibility of this technique for
realizing the differentiator 100, the differentiator 100 was
redesigned for an operational wavelength of 1,450 nm,
which corresponds to the width 118 (i.e., a cylindrical rod
diameter) of 340 nm, the height 116 of 480 nm and a
hexagonal lattice with a period, and therefore the length 120,
of 740 nm. This redesign matched the periodicity (length
120) with the size of commercially available nanospheres.
The fabrication technique, outlined in detail above, involves
using an array of self-assembled nanospheres as an etch
mask for the photonic crystal 102. FIG. 5B presents an
optical image of a fabricated ~1 cmx1 cm image differen-
tiator 100. The colour variation corresponds to different
grain orientations, which does not affect the transmission at
different incident angles (for details of the transmission map
see FIGS. 9A-9C). The SEM images in FIG. 5C show
high-quality Si resonators 108 and a well-defined hexagonal
lattice 516 over a large area.

[0104] To mimic a configuration that may be found in a
computer vision application, the large-scale spatial differ-
entiator 100 was placed directly in front of a NIR camera
detector 550, after the imaging lens 552, as shown in FIG.
5D. For imaging targets transparent centimetre-sized plastic
flower moulds were used (FIGS. 5E and 5G) due to their
curved surfaces, which scatter light at large angles. FIG. 5E
is an optical image of a plastic flower mould, which was
used as a 3D macroscopic imaging target FIG. 5G is an
optical image of a second plastic flower mould, which was
used as a 3D macroscopic imaging target. FIGS. 5F and 5H
shows the imaging results with and without the differentiator
for two separate objects. FIG. 5F is bright-field and differ-
entiated results for the first plastic flower mould. FIG. 5H is
bright-field and differentiated results for the second plastic
flower mould. Images on the left and right correspond to
systems without and with the differentiator, respectively.
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Compared to the bright-field images, the edges of the
flowers are clearly revealed when applying the differentiator.
Although the differentiator is not placed directly on the
sensor in this case, there is nothing that would prevent this
level of integration in creating a monolithic edge-detecting
sensor for computer vision applications.

[0105] Finally, although we have showcased vertical inte-
gration with convention optics, the imaging system can be
further compacted by employing a metalens as the focusing
element for realizing an ultrathin and monolithic image-
processing system. To create such a device a multilayer
metasurface transfer technique is used, which was used for
creating doublet lenses and other multilayer metaoptics.

Fabrication of Compound Bilayer Metadevices

[0106] A metalens is defined on a SiO, wafer with a Si
device layer using electron beam lithography and reactive
ion etching. The pattern is then embedded in an ultrathin
polydimethylsiloxane (PDMS) layer by spin coating. The
differentiator 100 was defined using the same procedure but
before embedding in PDMS, the silicon cylinders were
undercut using buffered hydrogen fluoride acid by immer-
sion of the sample for 30 s. The undercut nanorods were then
encapsulated in a thicker (~50 pum) layer of PDMS, and
released by mechanically peeling of the PDMS. It is worth
noting that previously demonstrated sacrificial layer based
transfer techniques require longer solvent immersion. The
transfer process used here generally applies for uniform
arrays. The two layers are then aligned and bonded together
using a custom transfer and bonding system.

[0107] The metalens and differentiator were designed for
operation at A=1,120 nm and fabricated on separate wafers
(with dimensions of ~2x2 mm?2), followed by embedding
the structures in polydimethylsiloxane. The differentiator
layer was then released from the handle wafer and trans-
ferred on top of the metalens. FIGS. 6A and 6B are optical
images of the released differentiator and metalens, respec-
tively, which are combined to form the compound mono-
lithic element shown in FIG. 6C. The compound metaoptic
is then used as an ultrathin system to image a micrometre-
scale target (FIG. 6D). FIG. 6E shows bright-field and
differentiated images of onion cells for wavelengths of 1,280
and 1,120 nm, respectively. At the off-resonant wavelength
(7=1,280 nm) the images are formed without differentiation,
while at resonance (A=1,120 nm) there is significant edge
enhancement for each of the cell walls. In this case there is
more noise in the images compared to the experiments
employing the differentiator 100 on an objective lens or
camera sensor. It is believed that the additional noise can be
attributed to the diffractive artefacts from the metalens due
to non-unity focusing efficiency, an issue that is slightly
exaggerated due to the weaker signal strength after passing
through the differentiator 100. This issue can be minimized
by optimizing the lens design and fabrication.

[0108] In conclusion, a 2D image differentiator 100 with
high resolution, thin form factor and a simple geometry that
allows rapid and cost-effective large-scale manufacturing
has been experimentally demonstrated. Furthermore, how a
complete image-processing system can be accomplished
using monolithic compound flat optics has been demon-
strated. These types of optical analog image processors
could open new doors for applications in areas such as
biological imaging and computer vision. Metaoptics with a
more complex k-space response could also be realized by
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employing multilayer architectures and inverse design for
more complex optical analog computing and image filtering.
[0109] FIG. 8A shows a schematic for a control experi-
ment using the differentiator with a field stop. To exclude the
possibility that the differentiator 100 may serve as a beam
block in the edge detection microscope 400, the differen-
tiator 100 (2.3x2.3 mml) is covered with an aperture stop
and placed close to the cell sample. FIG. 8B is bright-field
and differentiated images of onion cells at the wavelength of
1120 nm. FIGS. 8C-8F are differentiated images at different
wavelengths ranging from A==1130 nm to 1180 nm.
[0110] While several embodiments have been provided in
the present disclosure, it should be understood that the
disclosed systems and methods may be embodied in many
other specific forms without departing from the spirit or
scope of the present disclosure. The present examples are to
be considered as illustrative and not restrictive, and the
intention is not to be limited to the details given herein. For
example, the various elements or components may be com-
bined or integrated in another system or certain features may
be omitted or not implemented.
[0111] Also, techniques, systems, subsystems, and meth-
ods described and illustrated in the various embodiments as
discrete or separate may be combined or integrated with
other systems, modules, techniques, or methods without
departing from the scope of the present disclosure. Other
items shown or discussed as directly coupled or communi-
cating with each other may be indirectly coupled or com-
municating through some interface, device, or intermediate
component, whether electrically, mechanically, or other-
wise. Other examples of changes, substitutions, and altera-
tions are ascertainable by one skilled in the art and could be
made without departing from the spirit and scope disclosed
herein.
1. A flat photonic differentiator, comprising:
a substrate;
a photonic crystal comprising a two-dimensional array of
resonators positioned on the substrate, wherein each of
the resonators has a first refractive index, a width, a
height, and is centered in a unit cell of the substrate
with a length, and wherein the photonic crystal has a
numerical aperture greater than 0.3; and
a cladding layer with a second refractive index positioned
on the substrate, wherein the resonators are embedded
within the cladding layer, wherein the width, the height,
the length, the first refractive index, and the second
refractive index are configured to realize an optical
transfer function in transmitted light through the pho-
tonic differentiator to produce a spatially differentiated
image.
2. The flat photonic differentiator of claim 1, wherein the
width, height, length, first refractive index, and second
refractive index are related by

(D, a, k] :( Yo

na‘}g

)*[i, J> k1,

where D is the width, a is the length, h is the height, A, is a
free space wavelength of a working wavelength of the
differentiator, n,,, is an average of the first refractive index
and the second refractive index, and i, j, and k are dimen-
sional constants for the width, length, and height, respec-
tively.
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3. The flat photonic differentiator of claim 2, wherein [i,
Jj» k1=[0.63, 1.35, 0.99], and wherein each of Ay, n,,, . 1, j, and
k have a tolerance of +/~20%.

4. The flat photonic differentiator of claim 2, wherein the
spatially differentiated image is a second-order derivative of
an input image received by the photonic differentiator.

5. (canceled)

6. The flat photonic differentiator of claim 2, wherein the
photonic crystal does not perform polarization conversion
for the transmitted light.

7. The flat photonic differentiator of claim 2, wherein the
photonic crystal supports quasi-guided modes for p-polar-
ized incident light.

8. The flat photonic differentiator of claim 2, wherein the
photonic crystal reflects s-polarized incident light.

9. The flat photonic differentiator of claim 2, wherein the
photonic crystal transmits a brightfield image of incident
light with a wavelength more than a threshold difference
than the working wavelength.

10. The flat photonic differentiator of claim 2, wherein the
working wavelength is one or more wavelengths within a
range of 100 nm of each other.

11. The flat photonic differentiator of claim 1, wherein the
cladding layer is air.

12. The flat photonic differentiator of claim 1, wherein a
cross-sectional shape of each of the resonators is selected
from the group consisting of: a circle, a hexagon, a square,
a triangle, and a regular polygon.

13. An imaging system, comprising:

an illumination source configured to selectively transmit

illumination light at a first wavelength; and

a photonic differentiator positioned to receive light of a

scene illuminated by the illumination light, wherein the

photonic differentiator comprises:

a substrate;

a photonic crystal comprising a two-dimensional array
of resonators positioned on the substrate, wherein
each of the resonators has a first refractive index, a
width, a height, and is centered in a unit cell of the
substrate with a length, and wherein the photonic
crystal has a numerical aperture greater than 0.3; and

a cladding layer with a second refractive index posi-
tioned on the substrate, wherein the resonators are
embedded within the cladding layer, wherein the
width, height, length, first refractive index, second
refractive index, and third refractive index are con-
figured to realize an optical transfer function in
transmitted light through the photonic differentiator
to produce a spatially differentiated image of the
scene when illuminated by illumination light at the
first wavelength.

14. The imaging system of claim 13, further comprising:

an image sensor configured to capture the spatially dif-

ferentiated image of the scene, wherein the photonic
differentiator is positioned between the scene and the
image sensor.

15. The imaging system of claim 13, further comprising:

an objective of a microscope, wherein the photonic dif-

ferentiator is positioned between the scene and the
objective.

16. The imaging system of claim 13, wherein the width,
height, length, first refractive index, and second refractive
index, are related by

avg?
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where D is the width, a is the length, h is the height, A, is a
free space wavelength of a working wavelength of the
differentiator, n,,, is an average of the first refractive index
and the second refractive index, and wherein the first wave-
length is the working wavelength, and i, j, and k are
dimensional constants for the width, length, and height,
respectively.

17. The imaging system of claim 16, wherein the illumi-
nation source is configured to selectively transmit illumina-
tion light at either the first wavelength or a second wave-
length, wherein the photonic crystal transmits a brightfield
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image of the scene when illuminated by the illumination
light with the second wavelength.

18. The imaging system of claim 17, further comprising:

a controller configured to cause the illumination source to

selectively transmit illumination light of the first wave-
length to produce the spatially differentiated image and
configured to cause the illumination source to selec-
tively transmit illumination light of the second wave-
length to produce the brightfield image.

19. The imaging system of claim 16, wherein [i, j,
k]=[0.63, 1.35, 0.99], and wherein each of A, Ny i, j, and
k have a tolerance of +/~20%.

20. The imaging system of claim 16, wherein the photonic
crystal supports quasi-guided modes for p-polarized incident
light, and wherein the photonic crystal reflects s-polarized
incident light.



