Check for
updates

Vol. 46, No. 6 /15 March 2021 / Optics Letters 1401

Optics Letters

Controllable double-helical microstructures by
photonic orbital angular momentum for

chiroptical response

JINCHENG Ni,"2 YANLEI Hu,"*
CHENCHU ZHANG,® BING Xu,' JIAWEN L1’

SHUNLI Liu," ZHAOXIN LAO," SHENGYUN J1,' DENG PAN,’
DonGg Wu,"* anD JIARU CHU'

"CAS Key Laboratory of Mechanical Behavior and Design of Materials, Department of Precision Machinery and Precision Instrumentation,

University of Science and Technology of China, Hefei, Anhui 230027, China

2Department of Electrical and Computer Engineering, National University of Singapore, Singapore 117583, Singapore
SInstitute of Industry and Equipment Technology, Hefei University of Technology, Hefei, Anhui 230009, China

“e-mail: huyl@ustc.edu.cn
*Corresponding author: dongwu@ustc.edu.cn

Received 15 January 2021; revised 16 February 2021; accepted 18 February 2021; posted 19 February 2021 (Doc. ID 419798);

published 11 March 2021

Three-dimensional helical microstructures are abundant
in nature and can be applied as chiral metamaterials for
advanced nanophotonics. Here we report a flexible method
to fabricate double-helical microstructures with single
exposure by recording the chirality of incident optical vor-
tices. Two coaxial optical vortices can interfere to generate
a helical optical field, confirmed by the numerical simula-
tion. The diameters of double-helical microstructures can
be tailored by the magnitude of topological charges. This
fast manufacturing strategy provides the opportunity to
efficiently yield helical microstructures. Finally, the chi-
rality of double-helical microstructures can be reversibly
read by optical vortices, demonstrating a strong chiroptical
response. © 2021 Optical Society of America

https://doi.org/10.1364/0L.419798

Chiral objects, which cannot be superimposed on its mirror
image by simple rotations or translations, are ubiquitous in
nature such as hands, amino acids, proteins, seashells, and
helical towers [1,2]. Apart from natural organisms, chiral
micro/nanostructures fabricated by top-down or bottom-up
methods also exhibit extraordinary optical properties and are
widely used in advanced photonic devices. Typically, circular
dichroism (CD) is used for characterizing the optical activity of
materials, exhibiting different complex refractive indices for left-
and right-handed polarization states. Due to the weak dichroism
selection of planar-chiral structures, chiral structures have been
extended along the third dimension to maximize the interaction
with light such as stacking planar metamaterials with twist [3]
and helical structures [4]. In this regard, femtosecond-laser two-
photon polymerization represents a simple and high-precision
method for fabricating three-dimensional (3D) microstructures
[5,6] and photonic crystals [7]. For example, single-helical
metamaterials by direct laser writing can be considered as circu-
lar polarizers [8]. Moreover, triple-helical microstructures by a
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stimulated emission depletion (STED)-inspired laser lithogra-
phy method can generate a broadband CD in the mid-infrared
range [9]. Nevertheless, given that it is time-consuming for
a point-by-point scanning method [10-13], high-efficiency
micro/nanofabrication methods for helical structures with
tunable parameters remain to be realized.

Vortex beams with helical phase wavefronts ¢ intrin-
sically have photonic orbital angular momentum (OAM)
[14-16]. The donut-shaped vortex beams have been com-
prehensively used in optical communications [17,18], STED
fluorescence microscopy [19], optical tweezers [20], and
micro/nanofabrication [21,22]. In addition, the chirality
of optical vortex can also be transferred into materials by
chiral light-matter interaction such as relief patterns on an
azobenzene-containing polymer film [23] and chiral struc-
tures in isotropic polymers [24]. However, the characteristic
parameters of vortex-dependent chiral structures are still
non-tunable.

Here we propose a flexible and rapid strategy to fabricate
double-helical microstructures by superimposing two opti-
cal vortices with different topological charges. The chiral
microstructures are realized by a single exposure of spatial-
phase-modulated vortex beam. The coaxial optical vortices
can interfere to generate a double-helical optical field under a
high-numerical-aperture (NA) objective lens. Moreover, the
chirality of double-helical microstructures can be probed by
optical vortices, which shows a strong chiroptical response.

The detailed fabrication procedure of double-helical
microstructures is illustrated in Fig. 1(a). A linearly polarized
femtosecond-laser pulse with a central wavelength of 800 nm
is modulated by a spatial light modulator (SLM) for achieving
double-helical microstructures. A 4 f system consisting of
two convex lenses is used to filter undesired diffraction of the
modulated vortex beams. Then the modulated light beam is
focused by a 60x oil-immersion objective lens into a polymer
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Fig. 1.  Experimental setup and conceptual design of the holo-
grams for fabricating and detecting double-helical microstructures.
(a) Schematic of the optical setup. The femtosecond laser is modulated
by an SLM to generate a structured optical field. After illuminat-
ing in the photoresist, a double-helical microstructure is achieved.
HWP, half-wave plate; PBS, polarizing beam splitter; BE, beam
expander; L, lens; CCD, charge-coupled device; DM, dichroic mir-
ror. (b) Schematic and tilted-view scanning electron microscope
(SEM) image of the double-helical microstructure. (c) Phase mask
displayed on the SLM consists of two optical vortices with topological
charges /; = 6 and /, = 4. (d) Phase value ® of two optical vortices as a
function of the azimuthal coordinate ¢.

sample SZ2080 (see Supplement 1 for details). Finally, double-
helical microstructures are achieved with an exposure time of
100 ms and laser energy of 5 m] [Fig. 1(b)]. The OAM beams
can be conveniently generated by modulating a Gaussian beam
with the SLM, which is loaded with an optimized pitchfork
hologram. Two petal-shaped intensity profiles are obtained by
the interference of two optical vortices with topological charge
l; =6 and [, = 4. For realizing the interference between two
optical vortices, the hologram displayed on the SLM consists of
two spiral phase profiles, as shown in Fig. 1(c). The two concen-
tric spiral phase regions can modulate the Gaussian beam into
two optical vortices with topological charges /; = 6 and [, =4,
respectively. The annular hologram can be presented as

(L *xp)mod2r 360 <7 <540
(L*x¢@)mod2nr 270<r <360 , (1)
0 else

B(r, ) =

where 7 is the radial pixels from the center of the hologram, and
@ is the azimuthal angle. In Fig. 1(d), we plot the phase value
® as a function of azimuthal angle ¢ in two phase regions with
l; = 6and [, = 4, respectively.

Owing to the tight focus of the high-NA (NA =1.35)
objective lens, the two concentric optical vortices can interfere
to generate an optical helical field, as depicted in Fig. 2(a).
The transversal intensity distribution can be captured by a
CCD camera. Due to the remnant OAMs of superimposed
optical vortices, the spatial rotation of optical spiral fields can
be observed along the z axis in experiments and simulations
[Figs. 2(b) and 2(c)]. The simulated optical field under a high-
NA objective lens is calculated by the vectorial Debye diffraction
theory (see Supplement 1 for details). The measured intensity
distributions are in good agreement with the simulations, which
indicates that the OAM beams produced in our experiment are
of very high quality. Figure 2(d) exhibits the measured rotation
angle of an optical helical field defined as

a=AAz, (2
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Fig. 2.  Generation of 3D helical optical fields by vortex beams.

(a) Schematic of the modulated vortex beam focused by a high-NA
objective lens. (b) Experimental and (c) simulated optical fields at
different transversal plane in 2 pm steps along the z axis. The orienta-
tions of two-petal profiles are indicated by orange arrows. (d) Rotation
angle o of helical optical fields with respect to the horizontal line as a
function of the z position.

where o is the rotation angle, A =11.66°/um is the rotation
rate, and Az is the propagating distance. The rotation rate 4 is
dependent on the topological charges and microscope objective,
implying that the helical angle of the generated optical field is
tunable. Asa result, the double-petal profiles propagate in a twist
trajectory with respect to the z axis.

After precisely controlling the laser power and exposure time,
only the central fraction of the optical field is larger than the
polymerized energy threshold and can be recorded in the pho-
toresist [25]. The handedness of double-helical microstructures
can be flexibly controlled by adjusting the holograms. Left-
handed double-helical microstructures are achieved after being
exposed under superimposed optical vortices with topological
charges /; =6 and /, =4 [Fig. 3(a)]. Figure 3(b) shows the
two petal-shaped profiles on the transversal plane at z =2 pm,
where an obvious rotation of the optical field can be observed.
The optical field maintains rotation along the propagating
direction, which is induced by an azimuthal phase gradient.
More details about azimuthal intensity and phase are shown in
Fig. 3(c). The calculated phase distribution has six multiples of
27 around the azimuth. In contrast, the right-handed double
helicoids can be obtained by superimposed optical vortices with
topological charges /; = —6 and /, = —4, as shown in Fig. 3(d).
The intensity and phase distributions of superimposed vor-
tices are mirror-symmetric for opposite topological charges
[Figs. 3(e) and 3(f)]. By precisely controlling the sites with a
nano-positioning stage, a large-area array of double-helical
microstructures up to 1 mm® can be conveniently achieved
in 5 min, compared to more than 2 h by the conventional
single-point scanning method (see Supplement 1 for details).
Intriguingly, the number of bright petals on the optical fields is
relative to the value of A/ =|/; — /|. Therefore, triple-helical
microstructures can also be realized by superimposed opti-
cal vortices with topological charges /; =6 and /, =3 (see
Supplement 1 for details).
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Fig.3. Experimental fabrication and theoretical analysis of double-
helical microstructures with opposite handedness. (a) SEM image of
a large-area array of double-helical microstructures fabricated by two
optical vortices with topological charges /; = 6 and /, = 4. The inset
is a magnified image. (b) Simulated intensity distribution (left panel)
and phase profile (right panel) on the transversal plane at z =2 pum.
(c) Azimuthal distribution of the intensity and phase obtained in (b).
(d)—(f) Double-helical microstructures with right handedness corre-
sponding to (a)—(c) fabricated by two optical vortices with topological
charges/; = —6and , = —4.

By varying topological charges /; and maintaining the
relationship of /, =/; —2, the optical fields with different
diameters are realized, as shown in Figs. 4(a) and 4(b). The
cross-sectional intensity distribution of two petal-shaped
profiles is shown in Figs. 4(c) and 4(d). After interfering two
optical vortices, the diameter of superimposed optical vortices is
between the small and large diameters. As a result, the diameters
of superimposing optical vortices can be tunable for varying
topological charges /; and /. The diameter of the double-helical
microstructure is linearly increased (from 3.3 to 6.7 um) by
varying the value of /; from 4 to 8 [Fig. 4(e)]. The larger axial
extent of the helical microstructure can also be realized by
adjusting the optical setup and fabrication parameters [26].
However, when the helical microstructures are fabricated with
a relative higher height, the tips of two petals can touch each
other to assemble as a helicoid induced by capillary force (see
Supplement 1 for details).
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Fig. 4. Controllable diameters of double-helical microstructures

with different topological charges. (a) Measured and (b) simulated
intensity distributions by varying vortex beams with topological
charges Al=1 —/5=2. (c),(d) Cross-sectional intensity distri-
butions of the experimental and simulated results, respectively.
(e) Measured diameter D of double-helical microstructures as a func-
tion of topological charge /;. The solid line represents the theoretical
diameters for different topological charge /;. The insets are the corre-
sponding SEM images of double-helical microstructures. Scale bars,
2 pm.
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Beyond recording the chirality of optical vortices by polym-
erized double-helical microstructures, the conserved chirality
can also be observed by optical vortices reversibly. To detect
the chiroptical properties of double-helical microstructures,
we measured the chiroptical spectra of a pair of typical micro-
helicoids with the same diameter (D = 4.8 um) but opposite
handedness, as shown in Fig. 5(a). The asymmetric reflectance
can be obtained by illuminating optical vortices on the double-
helical microstructures with the same optical setup [Figs. 5(b)
and 5(c)]. Consequently, the chiroptical properties of double-
helical microstructures can be achieved by measuring vortical
dichroism (VD) value as

VD=2x (Ig— 1)/ (Ig + I1) x 100%, (3)

where /p and I are the reflection intensity of double-helical
microstructures under right-handed wavefront (RHW) and
left-handed wavefront (LHW) illumination, respectively. Our
measurements show that VD responses are different for left-
and right-handed helical microstructures, indicating chiroptical
selectivity. We can obtain a strong VD value (~ 40%) at topo-
logical charge |/| =10 by matching the dimensions of vortex
beams and microstructures [see Fig. 5(d)]. The VD spectra
of helicoids with opposite handedness are mirror-symmetric
with respect to the zero line. The VD spectra of double-helical
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Fig. 5.  Chiroptical detection of double-helical microstructures.
(a) Schematic of OAM beams with LHW or RHW impinging on
lef- (left panel) and right-handed (right panel) double-helical
microstructures, respectively. (b),(c) Measured reflection intensity
on (b) left- and (c) right-handed helicoids (D = 4.8 um) illuminated
by optical vortices with different topological charges |/|. (d) Measured
optical VD on left- and right-handed microstructures versus topo-
logical charge |/]. (¢) VD spectra of the left-handed microstructures
with different diameters fabricated by varying topological charges.
The arrow indicates the double-helical microstructures fabricated
by topological charge /; ranging from 4 to 8. Each solid line shows
the mean value, and the shading indicates the standard deviation of
multiple measurements.
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microstructures with larger diameters have a right shift due to
the dimensional matching, as shown in Fig. 5(e). Therefore,
according to the VD spectra, the recorded information about
chirality of structured optical vortices can also be read reversibly
by vortex beams at the wavelength of 800 nm.

In summary, an efficient and flexible method is reported
for generating double-helical microstructures using a spatially
modulated femtosecond-laser beam. The double-helical optical
field under a high-NA objective lens is generated by interfer-
ing two optical vortices with different topological charges.
The generation mechanism is investigated by experimentally
measuring the 3D field distribution, agrees well with the theo-
retical simulations. The transversal petals and chirality of helical
microstructures are dependent on the OAM difference of opti-
cal vortices. The diameters of microstructures can be further
adjusted by the magnitude of their topological charges. Finally,
we observe giant VD signals on the double-helical microstruc-
tures. This Letter provides a powerful illustration that helical
microstructures by single-exposure modulated beams offer
strong optical properties effects with applications in chiroptical
spectroscopy and chiral optics.
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