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ABSTRACT: Optical spatial differentiation is a typical operation of
optical analog computing and can single out the edge to accelerate the
subsequent image processing, but in some cases, overall information
about the object needs to be presented synchronously. Here, we propose
a multifunctional optical device based on structured chiral photonic
crystals for the simultaneous realization of real-time dual-mode imaging.
This optical differentiator is realized by self-organized large-birefringence
cholesteric liquid crystals, which are photopatterned to encode with a
special integrated geometric phase. Two highly spin-selective modes of
second-order spatial differentiation and bright-field imaging are exhibited
in the reflected and transmitted directions, respectively. Two-dimensional
edges of both amplitude and phase objects have been efficiently
enhanced in high contrast and the broadband spectrum. This work extends the ingenious building of hierarchical chiral
nanostructures, enriches their applications in the emerging frontiers of optical computing, and boasts considerable potential in
machine vision and microscopy.
KEYWORDS: optical spatial differentiation, cholesteric liquid crystals, edge detection, chiral photonic crystals, geometric phases

Image processing plays a central role in diverse fields,
especially in machine vision,1 autonomous vehicles,2 and

microscopy.3,4 In practice, the edges of an object, including
amplitude object and phase object, preserve the most valuable
information. Therefore, edge detection, namely spatial differ-
entiation, can greatly decrease the amount of data to be
processed.5 In addition to digital image processing methods,
the diffraction of light actually offers a natural platform for
implementing various kinds of analog computations, like
Fourier transform and convolution. The desired optical edge
detection can be achieved by appropriate wavefront-shaping
components like metasurfaces6−9 and spatial light modula-
tors.10,11 Phase contrast imaging12−14 and differential interfer-
ence contrast imaging15 are two typical methods. They have
been successfully used to highlight the edges and reveal the
geometric shapes of undyed cells. Compared with circuit-based
digital computing, optical analog computing can present the
result in a much faster and more efficient way.16,17 However,
when it comes to complex object recognition such as living cell
migration imaging, the real-time entire morphology of the
sample is also required,18,19 making it important to realize edge
detection and bright-field imaging at the same time.
As a typical liquid crystalline mesophase, cholesteric liquid

crystals (CLCs) exhibit appealing properties20−22 that derive
from the ingenious helical arrangement of rod-like molecules

and have exhibited great potential in optical field control.23−26

The birefringence of the molecular units and the chirality of
the self-assembled structure give rise to a chiral photonic band
gap (PBG) in CLCs,27 analogous to a one-dimensional
photonic crystal. When the wavelength falls into the PBG,
the circularly polarized light whose handedness matches the
CLC chirality is strongly reflected, while the opposite circular
polarization is transmitted and propagates along the initial
direction. Notably, in this anisotropic and chiral nano-
architecture, the spin−orbit interaction introduces an extra
geometric phase23,28,29 (i.e., Pancharatnam−Berry phase) in
the reflected light, while the transmitted light remains
unmodulated. If such a spin-dependent propagating direction
and spin-selective light manipulation are fully exploited,
synchronous spatial differentiation and bright-field imaging
could be realized in a desired manner.
In this work, we propose a multifunctional optical operator

for the simultaneous realization of two-dimensional (2D)
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second-order spatial differentiation and bright-field imaging
(Figure 1). This optical differentiator is fabricated by
photopatterning self-organized CLC chiral photonic crystals.
To perform second-order spatial differentiation, a spiral phase
integrated with a radial gradient phase is designed and encoded
into the surface director orientations of CLC superstructures.
A large-birefringence liquid crystal (LC) is introduced to
enable a broadband operating spectrum. For an amplitude
object, polychromatic second-order edge detection and bright-
field imaging are synchronously demonstrated in a polar-
ization-selective way with good quality. For a phase object
made of nematic LC, dual-mode imaging is also well verified
with the merits of high contrast and high efficiency. The
proposed differentiator provides an innovative method for
object recognition and has broad prospects in the fields of
optical imaging and information processing.
We use the Berreman’s 4 × 4 matrix method30 to analyze the

optical properties of CLC chiral photonic crystals under
normal incidence. For the right-handed CLCs (Figure 2a,b),
owing to the Bragg reflection, the reflectance of RCP is
approximately 100% within the wavelength range from n0p to
nep (i.e., the PBG), where n0 and ne are the ordinary and
extraordinary refractive indices, respectively, and p is the
helical pitch. The spatially variant CLC’s director orientation α
(inset in Figure 2e) endows the reflected RCP light with a
geometric phase φ = +2α.23,31 For the LCP component of the
incident light, this right-handed chiral nanostructure behaves
like a homogeneous dielectric medium, so that all LCP light
passes with a uniform dynamic phase shift independent of α.32
We superimpose a spiral phase with the topological charge m

= +1 and a radial gradient phase with a large period T = 850
μm and encode this integrated phase profile in the surface
director orientations of the CLCs (Figure 2c,d). The
corresponding reflective geometric phase attached to the
RCP light is given by

= +x y
T

r( , )
2

(1)

where (r, θ) represents the polar coordinates. The proposed
device is placed at the Fourier plane of the 4-F system and
works as a spatial filter in the spatial frequency domain. The
output of the whole system, Eout(x, y), is equivalent to the
convolution of input Ein(x, y) and point spread function (PSF)
h(x, y), as follows

=E x y E x y h x y( , ) ( , ) ( , )out in (2)

h(x, y) can be written as the inverse Fourier transform of
transfer function H(x, y). For the transmitted imaging mode,
the transfer function can be treated as a constant function so
that the output is just identical to the input. For the reflected
imaging mode, the transfer function depends on our designed
CLC structures, following the equation H(x, y) = exp[i(θ + 2π
× λf r/T)]. Acting as the scale factors, λ is the wavelength of
the incident light and f is the focal length of the lens.
In our superimposed phase structure, the carefully designed

radial gradient phase introduces extra effects beyond the
common spiral phase (i.e., radial Hilbert transform12). Because
T/(λf) is large enough, we can approximately employ the first-
order Taylor expansion in the reflected transfer function as

×H x y i
T

fr H x y H x y( , ) e
2

e ( , ) ( , )i i
1 2

(3)

Because of the linearity of the 4-F system, the final output
can be seen as the interference between the corresponding
outputs of the two parts presented above, which are expressed
as Eout1 and Eout2, respectively. The first part H1(x, y) just
presents the spiral phase contrast imaging and corresponds to
differentiation operation ∂/∂x + i∂/∂y.33,34 For the second
part, H2(x, y), the function of irexp(iθ) is equivalent to partial
differentiation operation ∂/∂x + i∂/∂y after the Fourier

Figure 1. Schematic of the structured chiral photonic crystals for simultaneously realizing second-order spatial differentiation (diff.) and bright-field
imaging. When a linearly polarized (LP) light is incident on this multifunctional optical operator, the right circularly polarized (RCP) light
component will be reflected (Rf.) and performed with the second-order differentiation operation, while the left circularly polarized (LCP) light
component will be transmitted (Tr.) and preserve the intensity profile as the initial object. The blue rods are the LC molecules, and the gray lines
show the right handedness of their helical arrangement. The orange rods at the substrates indicate the LC director’s orientation distribution at the
surface. The pink line like Archimedean spiral marks the LC molecules whose orientation angles are equal to zero. The dark green arrows indicate
the instantaneous spatial electric field of light.
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transform.35 These mean both parts in eq 3 can contribute to
the first-order spatial differentiation. In addition, their PSFs,
h1(x, y) and h2(x, y), have similar features like the impulse
function but have different radii, which will lead to a different
broadening of the output. It finally influences the spatial
magnification of Eout1 and Eout2 and results in first-order
differentiation once again, which can be expressed as Eout1 −
Eout2 = ∂Eout1/∂r. Therefore

+
i
k
jjjjj

y
{
zzzzzE E E

x
i

y
E
rout out1 out2
in

(4)

In brief, Eout(x, y) demonstrates 2D second-order spatial
differentiation of the object. Notably, period T is a key
parameter and should be appropriately optimized to make sure
that the approximation presented above has been well satisfied
and meanwhile the phase structure does not degenerate to a
simple spiral phase. As vividly shown in Figure 1, the RCP
component of the incident light is reflected, and the
corresponding output is an isotropic second-order spatial
differential image. On the contrary, the LCP component is
transmitted and its intensity distribution is the same as that of
the object, contributing to the bright-field imaging.
To imprint the integrated phase pattern presented above

(Figure 2c) on the CLC chiral superstructures, a polarization-
sensitive photoalignment agent (sulfonic azo-dye SD1, DIC) is
spin-coated on the substrates, which will reorient its absorption

oscillator perpendicular to the polarization of the illuminated
ultraviolet (UV) light. Using a digital micromirror device as a
dynamic mask,36,37 the LC director’s orientation is well
encoded under the spatially variant polarized UV exposure.
To achieve a CLC differentiator with a broad operating
spectrum, a large-birefringence nematic host (TD101−146;
Δn = 0.402; HCCH) is introduced and mixed with 2.83 wt %
right-handed chiral dopant R5011 (HCCH). After filling the
photopatterned cell, all LC molecules are self-assembled to
form the designed chiral photonic structures under the
guidance of surface anchoring. Figure 2d shows the theoretical
surface LC director distribution and the reflective micrograph
of the fabricated sample under a polarized optical microscope.
The transmittance and reflectance spectra of this CLC
differentiator are measured under LCP, RCP, and LP incidence
(Figure 2e). A polarization-selective and broadband PBG
ranging from 480 to 620 nm is clearly revealed, which covers
almost from blue to red and is consistent with the simulation
results in Figure 2a.
This structured chiral photonic crystal is further mounted at

the focal plane of the 4-F system and serves as a spatial filter,
whose PSF is numerically simulated, as shown in Figure 3a.
The amplitude of the PSF is composed of two main donut-
shaped functions, which are h1(x, y) and h2(x, y), while the
corresponding phase profile indicates a multiplied spiral phase.
The experimental setup for the verification of the fabricated
CLC differentiator is schematically illustrated in Figure 3b. A

Figure 2. Simulated results, designed phase pattern, and experimental transmittance and reflectance spectra of the CLC differentiator. (a)
Simulated reflection for the LCP and RCP incident light at different wavelengths and orientation angles. The color bars illustrate the reflectance.
(b) Simulated relative phase for the transmitted LCP light and reflected RCP light at different wavelengths and orientation angles. The color bars
indicate the value of the endowed phase. (c) The designed phase pattern is the superposition of the radial gradient phase and the spiral phase. (d)
Theoretical surface director distribution and reflective micrograph of the CLC device corresponding to the region marked in panel c. The
orthogonal white arrows indicate the crossed polarizer and analyzer of the optical microscope. The scale bar is 200 μm. (e) Experimental
transmittance and reflectance spectra for different polarized light. The PBG is marked with the corresponding color. The inset shows the right-
handed CLC nanostructure, where α is the orientation angle of the LC director on the substrates.
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supercontinuum laser emits a monochromatic Gauss beam
with the aid of a multichannel acousto-optic tunable filter.
After propagating through a beam expander and a linear
polarizer, the incident light uniformly illuminates the observed
object, which is placed in the front focal plane of the first
achromatic lens. Because the CLC device presents a strong
spin-determined reflection (Figure 3c), it will introduce a
confocal configuration into the traditional 4-F system.
Specifically, the reflected RCP light is modulated by the
reflective geometric phase of CLCs and passes through the first
lens twice along with the Fourier transform, resulting in a
distinct edge image at the object position. By inserting a
nonpolarizing beam splitter, one can send the corresponding
output light patterns to a CMOS camera on the other side.
Meanwhile, the transmitted LCP component just experiences a
uniform phase shift within CLCs. After passing through the
second achromatic lens, the bright-field image that includes
overall information about the initial object is recorded by
another CMOS camera.
First, the 1951 USAF resolution test chart is chosen as a

representative example of the amplitude object (Figure 3d).
Element 4 of group 0, including a series of horizontal lines and
a number, is illuminated, and the resolution is 0.71 mm per
line pair. Panels e and f of Figure 3 show the experimental
imaging results of this test target at a wavelength of 545 nm. In

the reflected pattern, the double adjacent intensity maxima are
evidently located near the edge of the amplitude object without
obvious zeroth-order diffraction, which credibly verifies the 2D
second-order spatial differentiation in a high-efficiency and
high-quality way, while the transmitted light preserves the
input, indicating bright-field imaging. Moreover, we analyze
the output polarization in two modes by a quarter-wave plate
and a linear polarizer. Both imaging modes possess nearly pure
circular polarization, and the spin-selective nature of this chiral
optical differentiator is well proved. These results verify that
the proposed CLC device can synchronously realize dual-mode
imaging without any observable cross-talk, and the imaging
mode can be easily switched by changing the incident
polarization. Compared with that of common first-order
differentiation, the resolution of second-order optical differ-
entiation is relatively lower and can be further improved using
a higher-resolution LC photopatterning technique and by
properly enlarging the numerical aperture of lenses in the
optical setup.
The PBG of this chiral photonic crystal is from blue to red

(Figure 2e), indicating a wide operating wavelength range. To
validate the broadband capability of this CLC device, the
incident wavelength is filtered at 505, 545, 580, 595, and 620
nm. Because the reflective geometric phase modulation is
determined by the spatially variant CLC structures and

Figure 3. PSF, optical setup, and spin-selective dual-mode imaging results for the amplitude object using the proposed multifunctional
differentiator. (a) Numerical calculation result of the PSF. (b) Sketch of the experimental optical setup. Abbreviations: BS, nonpolarizing beam
splitter; L, achromatic lens; FFT, fast Fourier transform. (c) Schematic of the spin selectivity of the structured chiral photonic crystals. (d) 1951
USAF resolution test chart. The region enlarged inside the dashed line is used as the amplitude object for detection. (e and f) Reflected and
transmitted output images, respectively, captured by CMOS cameras under different circular polarization analyzers. The green circular arrows
represent the handedness of the analyzed polarization. All scale bars are 500 μm.
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independent of the wavelength within PBG, the efficiency and
the transfer function of the fabricated differentiator should be
basically consistent. As a result, the intensity distributions of

dual-mode images within PBG will stay the same without the
necessity of adjusting the optical setup. Panels a and b of
Figure 4 show the experimental transmitted bright-field images

Figure 4. Polychromatic dual-mode imaging based on the structured chiral photonic crystal. (a) Transmitted images and (b) reflected images at
incident wavelengths of 505, 545, 580, 595, and 620 nm. All scale bars are 500 μm. (c) Blue and (d) pink intensity curves correspond to the
horizontal and vertical dashed lines in panels a and b, respectively.

Figure 5. LC phase object and corresponding first- and second-order differentiation. (a) Designed binary phase object made of nematic LCs. Two
gray levels indicate the binary geometric phases 0 and π. The theoretical LC director distribution and two micrographs correspond to the marked
region. The cyan bar indicates the full-wave plate at 530 nm as the sensitive tint plate for distinguishing the orthogonal LC directors. Scale bars are
200 μm. The right diagram exhibits the inversion of the circular polarization under the half-wave condition of the fabricated LC phase mask. (b and
d) Micrographs and theorical LC director distributions of the spiral phase device with topological charge m = 1 and the proposed phase-integrated
device. Scale bars are 200 μm. (c and e) First- and second-order spatial differential images at 480 nm with marked intensity curves. Scale bars are
500 μm.
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and the reflected second-order spatial differentiation images,
respectively, at various wavelengths, which keep almost the
same resolution, efficiency, and contrast over such a wide
spectrum. The one-dimensional section of the intensity
distribution along the horizontal blue and vertical pink dashed
lines is shown in panels c and d of Figure 4. We have verified
that the edge information on the amplitude object can be
isotropically highlighted in a polychromatic and high-quality
manner.
In addition to the amplitude object, the identification of a

phase object is also greatly significant. A phase object without
any amplitude modulation for light can barely be recognized by
the human eye, which raises formidable challenges for
extracting effective information about its morphology and
fine internal structures. Typical cases include the most
frequently investigated biological cells without natural pig-
ments8,15 and transparent anisotropic materials like the LC
microstructures. Here, we further design a binary phase object
based on nematic LCs (Figure 5a) to verify the phase edge
detection capability of our proposed CLC differentiator. The
nematic LC object is essentially a half-wave plate composed of
three subareas, whose local optical axes (i.e., LC directors) are
aligned at 90°, 0°, and 90° (Figure 5a). For LCP incidence, the
transmitted light becomes RCP, along with the geometric
phase modulation dependent on the nematic LC orientation
angle.24,38 Accordingly, a binary phase mask with 0 and π is
obtained. Moreover, to vividly demonstrate the distinction
between different order differentiation operators, we also
fabricate a CLC spiral phase plate with the topological charge
m = +1 (Figure 5b), without any radial gradient. Panels c and e
of Figure 5 show the experimental results of these two kinds of
edge detection at 480 nm. The CLC spiral phase plate operates
the first-order differentiation by enhancing just one intensity
maximum in the neighborhood of the phase edge, while the
proposed CLC device (Figure 5d) produces two adjacent
intensity maxima near the phase edge, corresponding to
second-order differentiation. This second-order spatial differ-
entiator can highlight the phase mutation points of the first-
order derivative and serves as a more sensitive indicator of
object variation, which has great potential in more accurately
tracking edges and revealing new fine details.39,40

In conclusion, we propose and demonstrate an innovative
optical differentiator that uses structured chiral photonic
crystals. The carefully designed integrated phase profile is
encoded into self-assembled CLCs by photopatterning. A dual
imaging mode, including 2D second-order spatial differ-
entiation and bright-field imaging, can be simultaneously
realized with sensitive polarization dependence, high efficiency,
and high quality. The edge information about both the
amplitude object and the phase object is successfully identified
with a broadband operating spectrum. To further integrate the
optical setup into one-side imaging, bi-chiral CLC nanostruc-
tures,37 which can reflect all polarization components and
endow different geometric phases into orthogonal circular
polarization, can be programmed to perform dual-mode
imaging only in the reflection side. Compared with multifunc-
tional optical differentiators based on metasurfaces, our
proposed CLC device has unique superiorities of fast
molecular self-assembly and high modulation efficiency,
which is exempt from any sophisticated and expensive
nanofabrication process. In addition, CLCs are featured by
the versatile stimulus-responsive characteristics,24,36 so the
dynamic tunability of the dual-mode imaging can be rationally

expected. This work promotes an efficient method for
application in machine vision and microscopy and provides
new opportunities of soft chiral superstructures in the frontiers
of optical analog computing for artificial intelligence.
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