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ABSTRACT

Orbital angular momentum (OAM) provides an additional degree of freedom for structured-light information encoding, yet
vortex beams with opposite topological charges have nearly identical transverse intensity profiles, making the sign of [ difficult to
determine by direct intensity detection. Here, a spatial-light-modulator (SLM)-assisted femtosecond laser line-exposure method
is developed for programmable fabrication of planar chiral microstructures and arrays. Based on actual processing comparisons,
the throughput of the linear exposure per structure is approximately 47.8 times higher than that of point-by-point path writing.
Mirror-enantiomeric structures exhibit vortex-dependent differential-reflection responses of opposite sign, converting the OAM
phase handedness into a measurable intensity difference, with a reflection-mode vortex dichroism (VD) magnitude reaching
approximately 0.25. Using this response, all 100 randomly ordered positive- and negative-OAM inputs are correctly classified
under the tested conditions. The concept is further extended to OAM-keyed spatial encoding and optical readout using chiral
microstructure arrays. This approach combines programmable microfabrication, planar chiral optics, and OAM-sign readout in

an array-compatible platform for structured-light state analysis.

1 | Introduction

Orbital angular momentum (OAM) is a distinct degree of freedom
of structured light [1]. A vortex beam carries an azimuthal phase
factor exp(ilg), where the sign and magnitude of the topological
charge | specify the handedness and winding order of the helical
phase, respectively. Alongside conventional degrees of freedom
such as polarization and wavelength, OAM provides an additional

discrete state space and has been widely explored for high-
dimensional optical encoding [2, 3], mode multiplexing [4, 5],
quantum information [6, 7], and optical sensing [8]. Reliable
vortex generation is now available through spiral phase plates
[9], computer-generated holograms [10], metasurfaces [11], and
related approaches. The complementary problem of compact,
stable, and directly detectable analysis of an incident OAM
state remains important for OAM photonic systems [12, 13].
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In particular, +/ and —I vortex beams with the same [I| have
nearly identical transverse intensity distributions under ideal
conditions; their distinction is encoded primarily in the opposite
azimuthal phase gradients. Direct intensity detection of the
incident beam alone therefore does not reveal the OAM sign [14].
A passive optical structure that converts phase handedness into
a measurable intensity contrast would provide a simple route to
OAM:-sign discrimination, state readout, and subsequent spatial
information processing.

Chiral light-matter interactions offer a route to such phase-
sensitive readout [15, 16]. Because a chiral structure lacks
specific mirror symmetries, coupling to +1 and -1 vortex
beams with opposite phase handedness can produce differ-
ent scattering, reflection, or transmission responses, thereby
mapping the OAM sign onto an intensity signal accessible to
a detector. Three-dimensional helices [17] and other spatially
chiral micro/nanostructures [18-20] have been shown to sup-
port pronounced OAM-dependent differential optical responses.
Their fabrication, however, often relies on point-by-point three-
dimensional scanning [21], multilayer assembly [22], or complex
self-organization [23], for which geometric complexity and pro-
cessing time increase rapidly with array size. OAM-readout arrays
require more than a detectable optical contrast; fabrication con-
sistency, programmability, and throughput are also important.
Planar chiral structures can be constructed from a small number
of two-dimensional geometric elements and are readily arranged
into spatial arrays, but efficient programmable fabrication
of well-defined mirror-enantiomeric microstructures together
with stable OAM-dependent readout remains insufficiently
explored.

Femtosecond-laser two-photon polymerization provides substan-
tial three-dimensional fabrication freedom and is widely used
to construct chiral microstructures [24, 25]. Conventional point-
by-point writing, however, exposes voxels sequentially along a
prescribed trajectory. When the target geometry is composed
mainly of straight segments, this strategy introduces many repeti-
tive scanning operations and limits the throughput of large arrays.
Focal-field shaping with a spatial light modulator (SLM) provides
an alternative [26-28]. By transforming the conventional point
focus into a line-shaped focus with programmable orientation
and length, an entire structural arm can be formed in a single
exposure rather than reconstructed point by point [29]. The orien-
tation, length, position, and exposure condition of each line can
then be controlled to assemble planar structures with prescribed
spatial symmetries. For line-based planar chiral microstructures,
this one-line-per-exposure strategy reduces the number of writing
operations while retaining programmable geometry, making it
well suited to OAM-responsive structural arrays with spatial
encoding functionality.

Here, an SLM-assisted femtosecond laser line-exposure method is
introduced for rapid fabrication of planar chiral microstructures
assembled from linear building blocks. Programmable control
of the line-shaped focal field enables mirror-enantiomeric struc-
tures and their arrays to be fabricated with defined orientations,
lengths, and spatial positions. Relative to point-by-point path
writing, a complete structural arm is produced in one stationary
exposure, reducing the number of writing steps and increasing
array throughput. Full-wave electromagnetic simulations are

used to analyze the interaction between vortex beams and
planar chiral structures, linking opposite OAM phase winding to
non-equivalent coupling and differential reflection from mirror-
related geometries. Experimentally, the reflection responses of
mirror-enantiomeric structures are measured under opposite
topological charges, and 100 randomized +1/—1 inputs are used to
evaluate binary OAM-sign readout. Chiral unit cells are further
extended into spatial arrays for OAM-keyed spatial encoding and
optical readout. The resulting framework combines line-exposure
fabrication, planar mirror chirality, and OAM-dependent dif-
ferential reflection in a programmable platform for arrayed
OAM-state readout.

2 | Results

2.1 | SLM-Assisted Femtosecond Laser
Line-Exposure Strategy

To rapidly fabricate planar microstructures composed of lin-
ear building blocks, an SLM-assisted femtosecond laser line-
exposure system was constructed (Figure 1a). The femtosecond
beam was polarization-conditioned and expanded before imping-
ing on a reflective SLM. A cylindrical-lens phase hologram
imposed one-dimensional quadratic phase modulation, and a
high-numerical-aperture objective focused the modulated beam
into a line-shaped field at the focal plane. During fabrication,
this field was positioned at the photoresist/substrate interface
to induce two-photon polymerization in SZ2080. Unlike con-
ventional point-by-point writing, in which a point focus is
translated continuously to trace a line, the entire line-shaped
focal field serves as a single exposure element, allowing one
continuous polymerized line to be generated in a stationary
exposure.

The shaped focal field was examined numerically and exper-
imentally and then compared with the polymerized structure
(Figure 1b). Both the simulated and measured focal distributions
in Figure 1 exhibit a clear line-like profile, while a single
exposure produces a continuous linear microstructure in SZ2080,
as confirmed by scanning electron microscopy (SEM). The line
orientation can also be adjusted digitally. Rotating the cylindrical-
lens phase pattern on the SLM rotates the line-shaped focus
in the sample plane without mechanically rotating the speci-
men. Together with stage positioning, this provides independent
control over the orientation and position of each line exposure,
enabling isolated line elements to be assembled into prescribed
two-dimensional patterns or arrays. The representative arrays
shown on the right side of Figure 1c demonstrate programmable
spatial arrangement of line elements over a larger field of
view.

The fabrication concept can therefore be summarized as follows:
the SLM first converts a conventional point focus into a pro-
grammable line-shaped exposure element; digital field control
and stage positioning then assemble these line elements into two-
dimensional microstructures. This line-element-by-line-element
strategy is particularly suited to the planar chiral structures used
below, because each structural arm can be mapped directly onto
one line exposure, reducing the repeated path scanning required
in point-wise writing.
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FIGURE 1 | SLM-assisted femtosecond laser line-exposure fabrication and programmable assembly of line elements. (a) Schematic of the
femtosecond laser line-exposure system. The incident femtosecond beam is conditioned and phase-modulated by a reflective SLM, then focused by
a 60x oil-immersion high-numerical-aperture objective to form a line-shaped focal field in the photoresist. RM, reflecting mirror; PBS, polarizing beam
splitter; HWP, half-wave plate; BE, beam expander; OL, objective lens. (b) Formation and fabrication validation of the line-shaped exposure element,
including the simulated line focus (SIM.), experimentally measured focal distribution (EXP.), and an SEM image of a polymerized line generated by a
single exposure (SEM). A representative cylindrical-lens phase hologram loaded on the SLM is shown on the right. (c) Representative two-dimensional
arrays assembled from line-shaped exposure elements with different spatial orientations, demonstrating programmable spatial assembly through SLM
hologram control and stage positioning. Scale bar: 5 um in (b); 20 pm in (c).

2.2 | Programmable Geometric Control and
High-Throughput Fabrication of Line-Based Planar
Microstructures

After establishing the line-exposure strategy, the geometric con-
trollability of an individual line element and its scalability
toward more complex planar structures were evaluated (Figure 2).
For line-based microstructures, length, width, orientation, and
spatial position define the final geometry. We therefore first
examined how the SLM hologram parameters and laser exposure
conditions control the dimensions of the polymerized lines.

As shown in Figure 2a, with the remaining exposure conditions
fixed, changing the effective lateral extent of the cylindrical-lens
phase region on the SLM continuously modifies the longitudinal
extent of the line-shaped focal field and, in turn, the length
of the polymerized line. Reducing the effective modulation size
shortens the fabricated structure. Over the investigated range,
the measured line length varies approximately linearly with the
programmed hologram parameter, indicating that the longitudi-
nal dimension can be controlled digitally without changing the
mechanical scan trajectory.

With the line-field length held fixed, the incident average
laser power was varied to control the polymerized linewidth
(Figure 2b). The linewidth increases with laser power, whereas

the overall line length changes comparatively little. This behavior
is consistent with the threshold nature of two-photon polymer-
ization: at higher exposure levels, a broader transverse region
of the focal field exceeds the polymerization threshold [30]. To
describe the femtosecond exposure conditions more completely,
the corresponding pulse energy and effective peak intensity were
estimated from the average power, repetition rate, and pulse
duration (Section S1).

Atomic force microscopy (AFM) was used to characterize the
three-dimensional morphology of a representative polymerized
line (Figure 2c). The surface profile shows a continuous ridge
with a well-defined cross-section, while transverse and longitu-
dinal traces provide the linewidth and height information. These
measurements confirm that the line-shaped focal field produces
a continuous three-dimensional polymerized feature suitable
for assembling planar functional structures from multiple line
exposures.

Once the individual line element was controlled, more complex
patterns were constructed by sequentially loading holograms
with different sizes and orientations while positioning the sam-
ple stage according to the prescribed geometry. The numbers,
triangles, squares, and other line-based two-dimensional motifs
in Figure 2d can all be generated with a finite number of line
exposures. These patterns are included to demonstrate general
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FIGURE 2 | Programmable geometric control and fabrication of line-based planar microstructures. (a) Control of polymerized line length by
changing the effective modulation size of the cylindrical-lens phase hologram on the SLM (estimated effective peak intensity 0.141 TW/cm? and exposure
time of 0.5 s); representative holograms and corresponding SEM images are shown on the left, and the measured line length is plotted against the
programmed parameter on the right. (b) Control of linewidth by varying the average laser power at fixed hologram size and exposure time (0.5 s);
SEM images acquired under different exposure conditions are shown on the left, and the linewidth is plotted as a function of exposure level on the
right. The corresponding peak intensity I_peak is an estimate based on the pulse parameters and effective exposure dimensions. (c) AFM topography
of a representative polymerized line and transverse/longitudinal cross-sectional profiles. (d) Representative two-dimensional patterns assembled from
programmable line exposures, including numbers, polygons, and other line-based motifs. (e) Array of representative planar chiral structures assembled
from three line exposures. (f) Structures fabricated with different programmed inclination angles (defined with respect to the y-axis), used to verify
orientation programmability. (g) Comparison of the processing time per structure for point-by-point path writing and line exposure under the present
experimental configuration. Scale bars: 3 um in (a, b); 2 um in (c); 10 pm in (d, e, f).

geometric assembly across different line counts, orientations,  with several programmed inclination angles. Statistical charac-

and connection schemes rather than to imply a specific optical terization confirms good within-batch reproducibility (Section

function. S2). The orientation of the inclined arm is changed by digitally
rotating the phase hologram, without rotating the sample.

The same assembly strategy was then applied to the N-shaped

planar chiral structures used in the vortex-optics experiments.
Each functional unit comprises two approximately parallel ver-
tical arms connected by an inclined arm and can therefore be
decomposed into three line exposures. Figure 2e shows an array of
representative structures, and Figure 2f presents units fabricated

The throughput advantage follows directly from the one-line-per-
arm exposure scheme. Point-by-point writing requires continu-
ous scanning along each structural path, whereas line exposure
forms a complete arm in one stationary exposure and therefore
reduces the number of writing and positioning operations for
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structures composed of only a few straight segments. Under a
unified timing definition and the present experimental configu-
ration, point-by-point path writing requires approximately 0.612 s
per structure, compared with approximately 0.0128 s per structure
for line exposure (Figure 2g and Section S3), corresponding to a
throughput enhancement of about 47.8-fold. Figures 1 and 2 thus
establish the fabrication pathway from line-field generation and
geometric control to rapid construction of planar chiral functional
units.

2.3 | Vortex-Dependent Differential Reflection
From N-Shaped Planar Chiral Structures

To investigate OAM-sign-sensitive optical responses, a pair of
planar functional structures related by in-plane mirror reflection
was selected (Figure 3). The two geometries are referred to as
right-handed and left-handed planar structures. The incident
vortex field in polar coordinate space can be described as:

E =C e U elly @

source

where [ is the topological charge, w, is the beam waist, and
C is a normalized constant independent of [ and r. Reversing
I from +I to —I reverses the azimuthal phase winding while
leaving the ideal transverse intensity distribution |E|* essentially
unchanged. Opposite signs with the same || are therefore difficult
to distinguish by direct intensity detection of the incident beam;
their principal distinction lies in the reversed azimuthal phase
gradient.

The planar chiral structure provides a spatial coupling element
that converts this difference in phase handedness into an intensity
response. Because the line-based geometry lacks the relevant
in-plane mirror symmetry, its constituent segments sample the
incident vortex phase in a non-equivalent manner. Reversing
the topological-charge sign changes the relative phases experi-
enced by different parts of the structure and thereby modifies
the local field distribution, scattering interference, and power
directed into the reflection channel (Figure 3a). In-plane mirror
inversion reverses the geometric handedness and is therefore
expected to reverse the sign of the differential response. This
mirror inversion-response sign reversal constitutes the central
structure-response relation examined in this work.

Full-wave electromagnetic simulations were used to visualize
the spatial origin of this differential response. Because SZ2080
exhibits very weak absorption at the working wavelength of
532 nm, it was modeled with a refractive index of n = 1.6
and no imaginary component in the simulations [31]. Figure 3b
illustrates the right- and left-handed structures under opposite
OAM signs together with a representative incident vortex field.
Although +1 and —I have the same ring-shaped incident intensity
distribution, the electromagnetic fields around the structure and
at the detection plane differ after interaction. The simulated near-
/scattered-field maps in Figure 3c compare the representative
structure under +l and -1 illumination and include a differential
map between the two cases. Distinct local-field enhancement
and scattering distributions arise around the constituent line

elements, while the mirror structure gives the complementary
response. These results support the interpretation that the
measured differential reflection originates from non-equivalent
coupling between the OAM phase winding and the planar
chiral geometry rather than from a difference in the incident
intensity profile itself. The sensitivity of this coupling to structural
geometry is further analyzed numerically in Section S4.

Experimentally, the directly measured observable is the reflected
signal collected under a fixed optical geometry. We therefore
describe the response as vortex-dependent differential reflec-
tion and define a normalized reflection-mode vortex-dichroism
(VD) metric as:

R+l -R,

VD= —— 1
R+l,max + R—l,max

@

where R,; and R_, denote the normalized reflected signals
measured for opposite topological charges of equal magnitude.

Figure 3d compares the reflection responses and the correspond-
ing vortex dichroism spectra of the two mirror-enantiomeric
structures. The right- and left-handed geometries exhibit approx-
imately sign-reversed VD responses (maximum VD up to approx-
imately 0.25), consistent with the reversal of the coupling relation
under mirror inversion. The complementary response of the two
structures provides the physical basis for the OAM-sign readout
demonstrated in the next section.

Because SZ2080 is weakly absorbing at the measurement wave-
length, the differential response should not be interpreted as
conventional absorption dichroism. A more appropriate picture
is that opposite OAM signs couple differently to a predominantly
refractive microstructure, redistributing optical power among
reflection, transmission, and other scattering channels. The
present experiments monitor the reflection channel; accordingly,
the reported VD describes an OAM-sign-dependent asymmetry
in reflection rather than differential material absorption.

In summary, planar mirror chirality converts a difference that is
encoded primarily in the OAM phase winding into a measurable
differential-reflection signal. The sign reversal between mirror
structures further links the response to structural handedness
and provides the basis for the OAM-sign discrimination and
spatial-encoding experiments that follow.

2.4 | Randomized OAM-Sign Discrimination and
OAM-Keyed Spatial Readout

Building on the mirror-chirality-dependent differential reflection
established above, we next tested whether the response can
serve as a stable intensity-domain readout signal. For a given
planar chiral structure, opposite topological charges produce
different reflected intensities, while mirror inversion of the
structure reverses the high/low response relation (Figure 4a).
The combination of structural handedness and OAM sign can
therefore be mapped onto two distinguishable intensity states,
providing a simple binary readout rule.
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FIGURE 3 | Vortex-dependent differential reflection from N-shaped planar chiral structures. (a) Schematic of right- and left-handed planar

structures illuminated by vortex beams with opposite topological charges; the detection plane is located above the structures. (b) Representative

simulation results of the coupling between vortex light and planar structures. (c) FDTD-calculated normalized reflection responses of the right- and left-
handed structures and the corresponding reflection-mode vortex dichroism (VD) spectra for 1 = 0, +1,..., + 30. (d) Experimentally measured normalized
reflection responses and corresponding VD spectra. The approximately sign-reversed differential responses show that planar mirror handedness

determines the sign of the Orbital angular momentum (OAM)-dependent reflection asymmetry. The reported results represent the mean of the three

measurements, with the corresponding standard deviations shown as error bars. Scale bar: 5 ym in (d).

The higher and lower reflected signals are assigned to binary
states 1 and O, respectively. For the right- and left-handed
structures, the same OAM sign produces complementary binary
outputs; conversely, reversing the OAM sign for a fixed handed-
ness flips the output state. If s = +1 denotes the incident OAM
sign and y = +1 denotes the structural handedness, the binary
response in Figure 4a is determined by their relative handedness.
This mapping converts information encoded in the azimuthal

phase winding into an intensity state that can be read directly by
a charge-coupled device (CCD) camera (Figure 4b).

Readout repeatability was evaluated using 100 randomized OAM-
sign inputs, with 50 +1 and 50 -1 states. The optical alignment,
acquisition conditions, and signal-extraction procedure were kept
fixed while the reflected signal was recorded for each input. As
shown in Figure 4c, the two classes form clearly separated inten-
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FIGURE 4 | Randomized OAM-sign readout and OAM-keyed spatial encoding using planar chiral microstructure arrays. (a) Binary readout
principle based on differential reflection from mirror-enantiomeric structures under opposite OAM signs. For a fixed handedness, +1 and —1 illumination
produce complementary high/low reflected states; mirror inversion reverses this mapping. High and low signals are assigned to binary states 1 and 0,
respectively. (b) Representative high- and low-reflection readout states. (c) Extracted signals for 100 randomized OAM inputs, including 50 +1 and 50
—I1 states. The two classes lie on opposite sides of a common decision threshold; the confusion matrix shows that all 100 inputs are classified correctly,
corresponding to an observed accuracy of 100% (100/100) under the tested conditions. (d) Target array Sy, and decoy array Sgecoy formed by prescribed
sequences of right- and left-handed structural elements. (¢) OAM-keyed spatial readout and ASCII decoding workflow. Prescribed positive/negative
OAM sequences are applied to the structural array, the reflected signals are recorded by a CCD and thresholded into eight-bit binary outputs, and the
resulting strings are mapped to ASCII characters. (f) Experimental outputs from four readout sequences. The target array recovers E, V, E, and R to form
“EVER”, whereas the decoy array recovers R, A, R, and E to form “RARE”.

sity populations. Using a single decision threshold, all 50 +1 states therefore produce different binary outputs from different chiral

and all 50 —I states are assigned correctly, giving an observed  arrays.

classification accuracy of 100% (100/100) under the tested con-

ditions. The randomized sequence therefore demonstrates that =~ During each readout operation, a prescribed eight-bit OAM-sign

the differential reflection can function as a binary readout signal sequence is applied sequentially to the corresponding structural

beyond ensemble-averaged spectral measurements. elements (Figure 4e). The image detector records the reflected
intensity at each position. Applying the same high/low criterion

The binary response was then extended from an individual  used for the single-unit measurements converts the optical

unit to a spatial array. As shown in Figure 4d, right- and outputs into an eight-bit binary string, which is then mapped to

left-handed elements were arranged in prescribed sequences an ASCII character. Because the target and decoy arrays carry

to form a target array S, and a decoy array Sgey. In the different spatial distributions of handedness, the same readout

encoding scheme, structural handedness provides one binary procedure yields different characters.

sequence, while a sequence of +1 and -1 vortex states acts as

the optical readout key. The output at each spatial position Using four prescribed OAM readout sequences, the target array

depends on the local combination of structural handedness produces the binary outputs 01000101, 01010110, 01000101, and

and incident OAM sign; the same OAM readout sequence can 01010010, corresponding to the ASCII characters E, V, E, and
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R. The decoy array instead recovers R, A, R, and E, giving the
word “RARE” (Figure 4f). These results show that the OAM-
sign-dependent response can be extended from a single readout
element to spatially distributed information mapping, providing
a proof of concept for OAM-keyed spatial encoding and optical
readout.

3 | Discussion

This work combines SLM-assisted femtosecond laser line expo-
sure with planar-chiral OAM readout. A programmable line-
shaped focal field serves directly as the elementary writing
unit, allowing each structural arm to be formed in a sin-
gle exposure and assembled into two-dimensional functional
geometries by hologram control and stage positioning. Under
the present experimental configuration, this approach increases
the fabrication throughput per structure by approximately
47.8-fold relative to point-by-point path writing. Optically, the
measured OAM-dependent differential reflection arises from
non-equivalent coupling between the vortex phase winding
and the planar chiral geometry. For +l and —I beams with
the same Ill, the transverse intensity distributions are nearly
identical, but the azimuthal phase gradients are opposite.
Reversing the OAM sign changes the relative excitation phase
and scattering interference across the structure, leading to
different reflected outputs. The approximately sign-reversed
VD responses of the mirror-enantiomeric pair identify mirror-
handedness reversal as the primary structure-response relation.
In this context, VD describes an OAM-dependent asymmetry
in the reflection channel rather than conventional differential
absorption.

The resulting phase-to-intensity conversion enables the pla-
nar chiral structures to function as passive OAM-sign readout
elements. All 100 randomized +1/-1 inputs are correctly classi-
fied under the tested conditions, and extending mirror-handed
elements into spatial arrays enables a combined mapping of
OAM readout key, structural-handedness sequence, and binary
intensity output. The resulting OAM-keyed spatial encoding
and optical readout constitute a proof of concept for arrayed
information mapping. However, the present study is limited to
representative mirror structures and binary OAM-sign discrim-
ination; accurate recognition of general multimode OAM states
will require further investigation.

Overall, programmable line exposure provides an efficient
route to planar chiral functional structures, while their OAM-
dependent differential reflection supports arrayed OAM-sign
readout and spatial information mapping. The combination offers
a compact, array-compatible planar platform for structured-light
state analysis.

4 | Experimental Section/Methods
4.1 | Femtosecond Laser Direct Writing System
A Ti:sapphire femtosecond laser oscillator (Mai Tai HP, Spectra-

Physics) was used as the light source, with a central wavelength
of 800 nm, a pulse duration of 100 fs, and a repetition rate of

75 MHz. The polarization state of the laser beam was adjusted
by a half-wave plate, and the laser power was controlled using
an attenuator. The beam diameter was then adjusted by a beam-
expanding system to meet the requirement of subsequent spatial
light modulation. The beam was directed onto a reflective phase-
only spatial light modulator (SLM, X13138-02, Hamamatsu),
which is based on silicon liquid-crystal technology and has
a resolution of 1280 x 1024 pixels, a pixel pitch of 12.5 um,
and a refresh rate of 60 Hz. By loading predesigned phase
holograms onto the SLM, the wavefront of the incident laser
beam was modulated to generate the required optical field
distribution. The modulated beam was then focused onto the
sample through a 60X oil-immersion objective lens with a
numerical aperture of 1.35 for femtosecond laser two-photon poly-
merization. The sample was mounted on a computer-controlled
three-dimensional translation stage to enable programmable
fabrication. By changing the holograms loaded onto the SLM, the
optical field distribution at the focal plane could be adjusted as
required.

4.2 | Hologram Generation and Loading

The cylindrical-lens phase hologram was numerically generated
27x?%

in MATLAB according to the phase function ® (x,y) = T

where 1 is the laser wavelength and f is the focal length of the
cylindrical lens. In the present work, 4 = 800 nm was used, and
the phase distribution was discretized according to the pixel pitch
of the spatial light modulator (12.5 pm). The cylindrical phase
was loaded within a selected central region of the SLM, while
the remaining area was left unchanged. By adjusting the lateral
size of the loaded phase region, the length of the generated line-
shaped focal spot could be tuned. To obtain line-shaped focal
spots with different orientations, the cylindrical phase pattern
was numerically rotated before being loaded onto the SLM.
In addition, a blazed grating phase was superimposed on the
hologram to control the diffraction order and spatially separate
the desired modulated beam from the undesired orders. The
resulting phase pattern was wrapped into the range from 0 to 27,
converted into an 8-bit grayscale hologram, and then loaded onto
the SLM for experimental modulation.

4.3 | Sample Preparation and Development

A negative photoresist, SZ2080, was used as the fabrication
material because of its good optical transparency, mechanical
stability, and suitability for femtosecond laser polymerization.
Glass coverslips with a size of 20 mm X 20 mm were used as
substrates. Before use, the substrates were sequentially cleaned
in acetone, ethanol, and deionized water by ultrasonic treatment,
and then dried with nitrogen. Approximately 4 uL of photoresist
was drop-cast onto the substrate surface to form a thin film,
followed by prebaking on a hot plate at 100°C for 60 min to
remove residual solvent and stabilize the photoresist layer.

After prebaking, the sample was fixed in an inverted configura-
tion on the sample stage of the femtosecond laser direct writing
system. A permanent-magnet fixture was used to maintain stable
positioning of the sample during processing. Cedar oil was

8 0f 10

Laser & Photonics Reviews, 2026

85UB017 SUOWWOD dA IR0 3dedtjdde 8y} Aq peuienob are sl YO 8sn JO S8 104 AXeiq 1 8UIIUO AB]IM UO (SUORIPUOD-PUR-SLIBYW0D" A3 1M ARe.q 1 Bu1|uUO//SANY) SUORIPUOD Pue SWiB | 84} 89S *[9202/60/T2] Uo A%eiqi aulluo AB|IMm 8ousios JO A1sienlun Aq 0g6T. '10d|/200T OT/I0p/Lo0 A8 M Aelq1jeul|uoj/Sdny wouy papeojumoq ‘0 ‘6688£98T



introduced between the objective lens and the substrate as the
refractive-index-matching liquid. The focal position along the
z direction was adjusted using a piezoelectric nanopositioning
stage so that the line-shaped focal spot generated by the spatial
light modulator was focused at the photoresist-glass interface.
The designed structures were then written by single-exposure line
patterning without point-by-point scanning.

After laser exposure, residual oil on the sample surface was
gently removed using a cotton swab wetted with absolute ethanol.
The sample was then immersed in n-propanol for 40-60 min to
remove the unpolymerized photoresist. After development, the
sample was dried gradually in air with the relative humidity
controlled below 30%.

4.4 | Characterization and Measurement

The fabricated microstructures were characterized by SEM and
AFM to evaluate their morphology and three-dimensional pro-
files. For the optical measurements, a supercontinuum laser
(EU-15, NKT Photonics) was used as the illumination source, and
the measurement wavelength was set to 532 nm. The beam was
modulated using a spatial light modulator (X15213, Hamamatsu
Photonics), with an operating wavelength range of 400-700 nm,
to generate vortex beams with topological charges ranging from
I =+1tol =+ 30. The incident vortex beam was linearly
polarized along the x direction and normally incident on the
planar chiral structures. The beam center was aligned with the
center of the measured structure, and the reflected signal was
collected. For each topological charge, the reflected intensity was
obtained by integrating the signal within a fixed region of interest
on the recorded image and averaging at least 30 consecutive
measurements to suppress short-term intensity fluctuations. The
dark-field signal recorded without incident illumination was
subtracted from all measurements.

For the measurements in Figure 3, three independent measure-
ments were performed. Before each measurement, the vortex
beam was refocused, and its center was realigned with the center
of the measured structure. The mirror-enantiomeric structures
were fabricated on the same glass substrate and measured under
identical experimental conditions.

For the readout experiments in Figure 4, the reflected intensities
of each structure under vortex beams with topological charges of
I = +12 and | = —12 were first measured as calibration signals.
For each structure, the higher and lower reflected intensities were
normalized to 1 and 0, respectively, according to:

R - Rlow

Ry = ———to0
Rhigh - Rlow

norm

where Ry, and Ry, denote the higher and lower calibra-
tion intensities. Accordingly, R, = 0.5, corresponding to the
midpoint between the two calibration signals, was used as
the decision threshold for binary readout. The same structure-
specific normalization and threshold were then applied to the
randomized OAM-sign inputs and the spatial-array readout
experiments.
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