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Fig. 1 Schematic diagram of circular dichroism (CD) spectroscopy
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Fig. 2 Schematic diagram of a polarimeter
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Fig. 3 Chiral structures fabricated by EBL. (a) Bilayered planar chiral metallic microstructure with interlayer coupling, when a =0, the two planes coincide

and the chirality disappears “”; (b) SEM image of a swastika-shaped chiral array"”; (c) A bulk array whose chirality can be tuned by changing the structural

angle. When the blocks are not rotated, or are rotated by a multiple of 90°, the structure does not exhibit chirality “”; (d) A chiral structure with separated

top surfaces and bridged bottom surfaces”™”; (e) Top and bottom views of SEM images for a fabricated right-handed (RH) metasurface ®”; (f) Various 3D

structures fabricated by EBL on a non-planar substrate
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Fig. 4 Chiral structures fabricated by focused ion beam (FIB). (a) Schematic diagram of the transformation process from a ring aperture (RA) to a split-ring

Ay Deposition

Photoresist

aperture (SRA) and then to a slanted split-ring aperture (SSRA). The SSRA structure is derived from the RA and exhibits mirror symmetry in all three
orthogonal planes. By converting the ring aperture into an achiral SRA, further tilting in the x-z plane transforms the SRA into a chiral SSRA structure with a
slanted opening "”; (b) SEM image of the structure prepared by FIB before thermal oxidation'®”; (c) Cross-sectional STEM image of the as-prepared
nanostructure before annealing; the orange arrow indicates the selective scanning direction, and points A and B mark locations of structural variation
within the layer *”; (d) Cross-sectional STEM image of the nanostructure after annealing at 1100°C; the orange arrow indicates the line-scan direction®”.
(e) Two schemes for 2D patterning on a silica substrate using EBL and FIB, respectively B9 (f) Three-dimensional biomimetic nanocilia obtained after wet

etching and subsequent low-dose FIB shaping >
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Fig. 5 Chiral structures fabricated by direct laser writing (LDW). (a) Schematic of femtosecond laser printing for direct-writing fluorescent silver helical

structures within an agarose matrix®®”; (b) A single twisted omega-shaped particle®™; (c) A petal-like chiral structure composed of six micropillars®”;

(d) A petal-like chiral structure composed of twelve micropillars *”; () Vortex-like chiral structures fabricated®; (f) Coffee-ring-like chiral structure

generated by laser processing via chiral self-assembly

(84]
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Fig. 6 Fabrication of diverse chiral structures in inorganic materials via direct laser writing (LDW). (a) Schematic illustrating the mechanism of LDW in

semiconductors®; (b, c) Helical array and individual helical chiral structures fabricated using this mechanism®; (d) Schematic of the 3D Pin printing

mechanism®”; (e, f) Designed and 3D Pin-printed tapered helical chiral knots, The handedness of schematic e is RH "
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Table 1 Key characteristics of EBL, FIB, and LDW

Comparison dimension EBL

FIB LDW

Resolution Extremely high (< 2~10 nm)
Fabrication dimensionality 2D

Material versatility Indirect (Requires resist)
Throughput/speed Extremely low

Overall cost Very high

High (< 5~20+ nm) High (Sub-micron to hundreds of nm)
3D 3D

Extremely broad Requires material response

Medium Relatively high

High Relatively low
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Fig. 7 Chiral micro/nanostructures for sensing applications. (a) SEM image of a planar hydrogen-absorbing structure with left-handed chirality *”; (b)
Working principle of hydrogen-modulated chiral optical response and simulated field distributions of the hybrid structure before and after hydrogen
loading®™; (c) Temporal evolution of the measured circular dichroism (CD) spectra for the left-handed sample after hydrogen loading. CD spectra were
recorded continuously at 10-minute intervals. The CD response (red line) was quenched upon exposure to 0.25 vol% hydrogen for 100 minutes (blue line).
The absorption peaks in the figure correspond to the dimensions of the structure, which determine the positions of the absorption peaks *”; (d) SEM
image of a planar helical metamaterial (exhibiting no intrinsic chirality in this state)"””; (e) Displacement of the helical structure under applied pressure,

which generates and progressively enhances chirality with increasing deformation”; (f) CD spectra of the helical structure at different levels of mechanical

deformation®
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Fig. 8 Chiral micro/nanostructures for optical modulation®”. (a) SEM image of the chiral structure, where purple, blue, and yellow represent gold

structures in different layers, and two silicon pads are marked in green. Scale bar: 10 um; (b) Schematic diagram of the chirality-switching metamaterial

structure; (c) A set of repeating units composed of four chiral resonators with four-fold rotational symmetry; (d) Circular dichroism (CD) spectra without

(black) and with (red) optical excitation, showing a reversal of the chiroptical response under the two conditions
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Fig. 9 Chiral micro/nanostructures for circularly polarized light absorption. (a) Chiral structure designed on a silver substrate for absorbing circularly

polarized light at specific wavelengths®; (b) Absorption spectra for left-circularly polarized (LCP) light at various incident angles (@ = 0°) along the x-

direction, ranging from 0.4° to 16.4° in 2° increments””; (c) Split-ring chiral structure capable of absorbing circularly polarized light at different wavelengths

by adjusting its geometric parameters and gap size™; (d) Measured circular dichroism (CD) spectra for structures with different split-ring dimensions
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Fig. 10 Chiral micro/nanostructures for separation of chiral particles. (a) Schematic diagram of a gold double-split-ring structure™®”; (b) Distribution of the
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Advances in artificial chiral micro/nanostructures
and devices
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Abstract

Significance Chirality, a fundamental geometric property ubiquitous in nature, confers upon matter the ability to interact asymmetrically
with circularly polarized light, manifesting as unique optical responses such as circular dichroism (CD) and optical rotation. These
properties render chiral structures highly promising for applications in biochemical sensing, optical field manipulation, quantum
information, and enantiomer separation. However, conventional fabrication methods relying on mechanical engraving or chemical
synthesis face inherent limitations including weak chiroptical responses, low design freedom for geometric configurations, and challenges
in scalable production. Recent advancements in nanofabrication technologies, particularly electron beam lithography (EBL), focused ion
beam (FIB), and direct laser writing (LDW), have provided revolutionary means for the precise and customized construction of artificial
chiral micro/nanostructures. These techniques, characterized by high resolution, excellent programmability, and three-dimensional
manufacturing capabilities, are powerfully driving the transition of chiral photonics from fundamental research to functional device
applications.

Progress This review systematically summarized fabrication strategies and recent research progress for chiral structures based on these
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mainstream nanofabrication technologies. For electron beam lithography, the research focus has shifted from mature two-dimensional
planar chiral arrays (e.g., swastika-shaped structures) to more challenging quasi-three-dimensional architectures. Innovative processes such
as multi-layer alignment, utilization of proximity effects, and exposure on non-planar substrates successfully realized complex chiral
metasurfaces featuring multilayer stacking and suspended bridging, significantly enhancing optical chiral responses (e.g., CD values
exceeding 20°). Focused ion beam technology, leveraging its integrated capabilities for milling, deposition, and imaging, demonstrated
unique advantages in direct forming of 3D chiral structures. Fabrication of asymmetric aperture arrays via tilted scanning achieved tunable
CD transmittance up to 78%. Combined with the "nano-kirigami" technique, FIB induced controllable buckling and twisting of 2D thin
films, constructing dynamic 3D biomimetic cilium structures with strong chiroptical responses (g-factor reaching 0.8). Direct laser writing,
especially based on two-photon polymerization, excelled in the freeform fabrication of complex 3D chiral architectures. This technique
efficiently produced various 3D chiral models including helices, vortices, and petal-like structures. Integration with functional materials
like semiconductor quantum dots and liquid crystal elastomers enabled the fusion of chirality with properties such as photoluminescence
and stimulus-responsiveness, expanding functional dimensions. Recent breakthroughs, such as the "3D Pin" technique, further broadened
material choices by enabling direct printing of chiral structures from high-purity inorganic semiconductors.

Conclusions and Prospects These precisely tailored chiral structures demonstrated remarkable performance across several cutting-
edge application domains. In sensing, chiral metasurfaces based on materials like magnesium hydride and silicon achieved high-sensitivity,
real-time detection of parameters such as hydrogen concentration and pressure through changes in their chiroptical signals. For optical
modulation, mechanisms like photoinduced carrier excitation enabled dynamic and reversible switching of chiroptical responses (e.g., the
sign of CD), laying groundwork for reconfigurable photonic devices. In light absorption and particle separation, designed chiral
metamaterials achieved efficient selective absorption of specific circularly polarized light and generated chirality-dependent optical
gradient forces at the nanoscale, offering novel principle-based solutions for high-efficiency separation of chiral particles below 10 nm. It
indicate that nanofabrication technologies have become the core driver for the design and manufacturing of artificial chiral structures.
Future research in this field will concentrate on several directions: At the process level, continuous pursuit of higher resolution, efficiency,
lower cost, and development of multi-material and heterogeneous integration strategies is essential. Regarding structural design,
exploration of more complex multi-level chiral, dynamically reconfigurable, and intelligently responsive architectures is needed. For
applications, promoting chiral micro/nanodevices towards broader interdisciplinary fields such as on-chip integrated systems,
biocompatible sensing platforms, and quantum light source manipulation is crucial. With the deepening integration of nanofabrication
technologies with materials science, photonics, and life sciences, high-performance, multifunctional, and integrated chiral
micro/nanodevices will undoubtedly inject new vitality into the future development of information, energy, and health technologies.
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