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Optical Vortices Generation via a Self-Assembly Photonic

Crystal Slab

Wenjie Zhang, Jiao Chu, Ruhuan Deng, Xinhao Wang, Tongyu Li, Wenzhe Liu,

Jiajun Wang,* Xiaohan Liu, and Lei Shi*

Optical vortices (OVs), as common phenomena that widely exist in nature, cal
have attracted interest both in fundamental science and applications.
Recently, generating OVs by using polarization vortices in the momentum
space is demonstrated. This method eliminates the need for precise optical
center alignment, which relies on periodic structures. The micro-spheres
self-assembly method is known as an inexpensive and straightforward means
to fabricate periodic structures. Here, self-assembly photonic crystal (SA-PhC)
slabs are proposed that can be used to generate OVs. With both simulations
and experiments, the OVs generation via SA-PhC slabs is investigated. The
designed SA-PhC slab is fabricated. The momentum-space polarization vortex
of the SA-PhC slab is directly observed. The field shape and phase distribution
of the generated OVs are measured. The work can broaden the applications of

SA-PhC and the generation methods of OVs.

1. Introduction

Optical vortices (OVs) are light with spiral wave fronts and
central zero-intensity points.['?] The recent emergence of OVs
leads to promising applications of integrated photonics and
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mode-division  multiplexing,*!  opti-
communication,l®]  optical particle
manipulation,” 1 optical microscopy,*!!
and spin-orbit interactions of light,!!?] etc.
In order to generate OVs, various meth-
ods have been proposed such as spiral
phase plates, Q plates and metasurfaces,
etc.'* In spiral phase plates, an axial
phase difference is created by a medium
of a radially varying thickness, and then
OVs are generated.'>'°] In Q-plates, a
cross-polarized circularly polarized trans-
mitted light gains the Pancharatnam-Berry
(PB) phase with a gradient along the ax-
ial direction.'”] This process transforms
plane waves into OVs. And metasur-
faces can introduce spiral phase wave
fronts by space-variant subwavelength
nanostructures.'#1%1 These methods can
generate OVs suitable for different applications. Nevertheless, a
common challenge in all these methods is the inevitably precise
optical center alignment. In recent years, a new method utiliz-
ing momentum-space vortices around bound states in the con-
tinuum (BICs)?% to generate OVs was proposed and demon-
strated, which eliminates the necessity for precise optical cen-
ter alignment.2!l In this method, the winding topological polar-
ization vortices exist in the photonic bands of photonic crystal
(PhC) slabs.[?2] When a circularly polarized light beam shines
on the PhC slab, the cross-polarized light beam will obtain a
polarization-dependent spiral phase vortice. The PhC slabs are
periodic, without a real-space center. Hence the optical center
alignment is not required. To obtain the periodic structures with
required polarization vortices in momentum space, the electron
beam lithography processes are usually applied, which are ex-
pensive and complicated. To promote the development and ap-
plication of this OVs generation method, it is important to search
for more methods to obtain periodic structures with momentum-
space polarization vortices.

The micro-spheres self-assembly method could be promis-
ing, which is usually known as an inexpensive and straightfor-
ward means to fabricate PhC structures.[?*] Initially, the peri-
odic structures constructed by self-assembly micro-spheres were
initially employed in 3D PhCs.[2#?%] These PhCs found appli-
cations in structural coloration,[?*?%1 photonic bandgap,**! and
sensor.’!) Later, self-assembly of single-layer periodic arrays was
developed,32! and it could be used to fabricate 2D PhC slabs.
These single-layer periodic arrays can be used to construct vari-
ous complex nanostructures.333>] By placing these substrates on

© 2024 Wiley-VCH GmbH


http://www.advopticalmat.de
mailto:jiajunwang@fudan.edu.cn
mailto:lshi@fudan.edu.cn
https://doi.org/10.1002/adom.202400088
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadom.202400088&domain=pdf&date_stamp=2024-07-10

ADVANCED
SCIENCE NEWS

OPTICAL

www.advancedsciencenews.com

the metal substrate, clear photonic bands have been observed and
explored with applications like directional emission.3¢-*l How-
ever, to date, the momentum-space polarization vortice and its
application of OVs generation have never been explored in these
self-assembly PhC (SA-PhC) slabs.

In this paper, we report the OVs generation via SA-PhC slabs,
constructed by self-assembly polystyrene (PS) micro-spheres ar-
rays on the Ag substrate. We theoretically and experimentally in-
vestigate the generation of OVs via momentum-space polariza-
tion vortices around at-I" degenerate points. The SA-PhC slab
was designed and optimized by changing the diameter of PS
micro-spheres and the thickness of a SiO, layer between the
PS micro-spheres arrays and the Ag substrate. The momentum-
space polarization vortex around the degenerated points was
measured. And OVs generation via the fabricated SA-PhC slab
was directly measured.

2. Basic Principle and Sample Design

For the PhC slabs with high rotational symmetry, there are vari-
ous momentum-space polarization vortices centered at I" point.
Such polarization vortices are symmetry-protected, which are in-
dependent of structure or material parameters. Hence, we can
expect them in any PhC slabs with enough rotational symmetry.
The momentum-space polarization vortice can carry topological
charge g, which is defined by the winding number of the polar-
ization axis around the vortice center:(*%)

1
1= 7{cdk” -V, 0(k)) (1)

Here, the 0 is the orientation of the major axis of the polariza-
tion state. For example, the right panel of Figure 1a exhibits a
schematic polarization vortice that can exist in the SA-PhC slab.
In our previous work, by considering the circularly polarized inci-
dence, we have shown the ability of momentum-space polariza-
tion vortice to realize vortice phase for the cross-polarized light
beam.?!l When a light beam shines on the PhC slab, it would in-
teract with the optical modes. To discuss the interactions between
the light beam and the optical modes in the polarization vortice,
we can think about this process from the momentum space, i.e.,
the light beam is combined by a series of plane waves with differ-
ent k; (k; is the projected wave vector in the plane perpendicular
to the propagation axis of light beams). For each component of
certain k;, they can interact with optical modes with the same
k,, then the corresponding reflection or transmission will gain
a phase modulation. We can formulate this process on a helical
basis, and the reflection can be written as:2!41]

i0(k
g = " ) iE @
out/ — rrle,zig(k“) r in

a4

Here, 0(k,) is the polarization orientation of the optical mode
and ry, 1, 1, 1, are the reflection coefficients. In this helical
basis, the left- and right-handed circularly polarized unit vec-
tors (|[L) and |R)) are (1, 0)T and (0, 1)T respectively. We can
see that the cross-polarized components, i.e., the off-diagonal
elements, have polarization-orientation-related geometric phase

factors (also called the PB phase). For example, choosing the
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incident polarization to be left-handed circularly polarized, the
reflection can be written as:

|Eout> = rrle_zm <L| |Ein> |R> + Ty (Ll |Ein> |L> (3)

Considering the existence of polarization vortice, we can know
the cross-polarized left-handed circularly polarized light will gain
a winding phase in momentum space. It is worth noting that in
previous studies, polarization vortices applied for OV generation
were mostly carried by BICs. In fact, besides BICs, the degen-
erate points at I" point can also carry polarization vortice, while
the corresponding application for OV generation has not been
realized. In this work, we aim to utilize the polarization vortice
around degenerate points at I" point to realize OV generation.

To start, we consider a SA-PhC slab constructed by PS micro-
spheres arrays on the Ag substrate. As is shown in the left panel of
Figure 1a, the self-assembly PS micro-spheres are usually formed
as a Cg, lattice. The period a is 700 nm, which is equal to the
diameter of the PS micro-sphere. Figure 1b exhibits simulated
angle-resolved reflectance spectra along the M and K direction.
Figure 1c shows the corresponding cross-polarized conversion ef-
ficiency under circularly polarized incidence. It can be observed
that there is a degenerate state at I' point, as is marked by the red
arrow in Figure 1b. It corresponds to the position with zero con-
version efficiency in Figure 1c. Figure 1d shows the simulated
cross-polarization phase distribution under left circularly polar-
ized (LCP) incidence at a wavelength of 760 nm. It could be seen
there is a spiral phase distribution with a +2 topological charge.
Figure 1e shows conversion efficiency at a wavelength of 760 nm.
It is a doughnut-shaped profile with central zero-intensity points,
a key characteristic of OVs. Note that for this SA-PhC slab design,
the cross-polarized conversion efficiency is relatively small.

Figure 1f shows the schematics of the optimized design SA-
PhC slab. An additional SiO, spacer is included between the
Ag substrate and the PS sphere to reduce the absorption, and
the diameter of the sphere is reduced to increase the scattering
efficiency.[*!l The diameter d of the PS micro-spheres is reduced
to 500 nm and the thickness h of the SiO, layer is 200 nm while
the period is still 700 nm. Figure 1g exhibits simulated angle-
resolved reflectance spectra along the I''M and I'-K direction.
Figure 1h shows the corresponding cross-polarized conversion
efficiency under circularly polarized incidence. The degenerate
point at I" point is marked by the red arrow in Figure 1g, corre-
sponding to a zero-conversion-efficiency position in Figure 1h.
Figure 1i exhibits the simulated cross-polarization phase distri-
bution under LCP incidence at a wavelength of 727 nm, showing
spiral phase distribution with a +2 topological charge. Figure 1j
shows conversion efficiency at a wavelength of 727 nm. In con-
trast with Figure 1e, the conversion efficiency is greatly improved
in this optimized design.

3. Results and Discussion

Figure 2a shows the fabrication process. A 300-nm-thickness film
and a 200-nm-thickness SiO, film are coated on a glass sub-
strate by using electron beam evaporation. Figure 2b shows scan-
ning electron microscope (SEM) pictures of the substrate cross-
section corresponding to the fabrication process in Figure 2a.
Next, self-assembly PS micro-spheres are arrayed on the SiO,
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Figure 1. a) Left panel, a schematic of self-assembly PhC (SA-PhC) slab, constructed by PS micro-spheres arrayed in a hexagonal close-packing on an
Ag film. The period a is 700 nm, which is equal to the diameter of the micro-spheres. I-M and I'-K are two high symmetry directions. Right panel,
a schematic of a polarization vortice existing in the SA-PhC slab. The black arrow represents the major axis of the polarization state,  represents the
orientation of the major axis of the polarization state, and the cross-polarized circularly polarized light will gain a winding phase in momentum space. The
blue and red arrows represent different wave vectors (propagation directions), and they will excite different polarization states around I" in momentum
space, respectively. b,c) Simulated angle-resolved reflection spectra and conversion efficiency along high-symmetry directions. d,e) The momentum-
space phase distribution and conversion efficiency of the cross-polarized light when a 760-nm circularly-polarized incidence is considered. f) Schematic
showing optimized PS micro-spheres array. Schematic of optimized SA-PhC slab. The period is unchanged, while the diameter d of PS micro-sphere
is shrunk to be 500 nm. And a 200-nm-thick SiO, spacer is added between the PS micro- spheres and the Ag substrate. g,h) Simulated angle-resolved
reflection spectra and conversion efficiency for the optimized structures in (f). i,j) The momentum-space phase distribution and conversion efficiency
of the cross-polarized light when a 727-nm circularly-polarized incidence is considered.

film, and they are arrayed in a hexagonal close-packing. Then,
the diameter of PS micro-spheres is reduced by using reactive
ion etching (RIE). Figure 2c shows SEM pictures of the self-
assembled PS micro-spheres arrays. Before using RIE etching,
the PS micro-spheres are arranged in a hexagonal lattice, while
the period is equal to the diameter of the PS micro-spheres of
700 nm, after using RIE etching, the diameter of the PS micro-
spheres is reduced to 500 nm.
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Next, we measure the angle-resolved reflectance spectra and
conversion efficiency (see Experimental and Computational Sec-
tion for more details). Figure 3a,b show the angle-resolved re-
flectance spectra and conversion efficiency spectra along I'-M and
I'-K. To demonstrate the vortice behavior of states of polariza-
tion (SOPs) around the I' point, we conduct measurements of
the polarization-dependent reflection iso-frequency contours at a
central wavelength of 725 nm by a filter, whose bandwidth is 10
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(a)

Figure 2. a) Schematic showing the fabrication procedure of SA-PhC slab. b) Scanning electron microscope (SEM) pictures of the substrate cross
section corresponding to the fabrication process in (a). Left panel, a 300-nm-thickness Ag film is coated on the glass substrate by using electron beam
evaporation (EBE). Right panel, a 200-nm-thickness SiO, film is coated on the Ag film by EBE, Scale: 200 nm. c) SEM pictures of the self-assembled PS
micro-spheres arrays corresponding to the fabrication process in (a). Left panel, PS micro-spheres are arranged in a hexagonal lattice. Right panel, the

diameter of the PS micro-spheres is significantly reduced after using reactive ion etching. Scale: 1 um.
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Figure 3. a) Measured angle-resolved reflection spectra along I'-M and I'-K direction. b) Measured conversion efficiency along I'-M and I'-K direction.
c) Experimental verification on vortice polarization behavior in the vicinity of I' point under narrow-band illumination at wavelengths of 725 nm. The
central iso-frequency reflectance profile is measured non-polarized illumination. The studied iso-frequency profile is marked by white-dashed lines. The
other iso-frequency reflectance profiles are measured corresponding to polarizer angles, which are marked by black arrows. The diminished regions due
to orthogonal polarization are marked with white arrows.
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Figure 4. a) The experimental set-up. BS1-BS3, beam splitters; L1-L5, lenses; RM, mirror; P1-P3, polarizers; 1/44, quarter-wave plate. b) The measured
results of PS micro-spheres array with cross-polarized. From top to bottom, left cnrcularly polarized (LCP) incidence and right circularly polarlzed (RCP)
incidence respectively. Left panel, profiles of the generated wave front. Middle panel, interference patterns between the generated wave front and the
inclined coherent planar wave front. Both patterns of cross-polarized wave front have the fork-like dislocation. Right panel, phase distributions of the
generated wave front. Both phase distributions of cross-polarized wave front have the spiral phase distribution. c) The measured results of PS micro-
spheres array with co-polarized. From top to bottom, LCP incidence and RCP incidence respectively.

nm (see Experimental and Computational Section for more de-
tails). As illustrated in Figure 3c, the diminished regions marked
by white arrows are indicative of states with SOPs orthogonal to
the polarization of the incident beam. As we rotate the polarizer,
these diminished regions also rotate, directly demonstrating the
vortice behavior. In our measurement, the diminished regions
wind along the same direction as that of the polarizer. When the
polarizer rotates 2z, the diminished regions also rotate 2x. This
indicates the measured polarization vortice carries +1 topological
charge. From Equation (2), we can expect the total spiral phase of
optical vortice generated by the polarization vortice can be +4x.
To further characterize OVs profile, we build a home-made
reflection-type Fourier-optics-based imaging system. This system
features both an imaging mode and an interferometer mode,
with the schematic diagram depicted in Figure 4a. By removing
the reflection mirror in the reference path, the system is initially
operated in imaging mode. It measures iso-frequency contours
that represent profiles in the far field. In this mode, reference
light is not introduced into the measurement. The incident laser
is circularly polarized by a circular polarizer module, including
a linear polarizer (P1) and a quarter-wave plate (1/44), and it is
focused on our PS arrays slab through a lens (L1). The focused
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light, from all directions, impinges upon the PS arrays slab and
interacted with k-variant guided resonances surrounding point.
Reversely passing through the same lens (L1) and the other circu-
lar polarizer module, including 1/4 wave plate (1/44) and a linear
polarizer (P2), the reflected light is Fourier-transformed into the
momentum space. The beam profile is finally detected by charge-
coupled device (CCD) after imaging of a set of confocal lenses
(L4 and L5). A cross-polarized profile is obtained when the po-
larization directions of line polarizer P1 and line polarizer P2 are
parallel. A co-polarized profile can be obtained when the polariza-
tion directions of linear polarizer P1 and linear polarizer P2 are
orthogonal. Cross-polarized profiles of LCP and right circularly
polarized (RCP) light incidence, co-polarized profiles of LCP and
RCP light incidence are plotted in the left panel of Figure 4b,c
respectively. It can be seen that the generated cross-polarized
beams exhibit doughnut-shaped far-field profiles. However, the
co-polarized beams do not have such a characteristic, in the case
of co-polarization, no conversion occurs.

Then, we slightly adjust the mirror to introduce a reference
light for the interferometer mode. The linearly polarized ref-
erence light illuminates the CCD to capture interference pat-
terns between the generated spiral wavefront and the inclined
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coherent planar wavefront. The resulting interference patterns
are depicted in the corresponding middle panel of Figure 4b,c,
respectively. The fork-like dislocation can be found in each pro-
file center interference patterns between the cross-polarized wave
front and the reference wave front, and the fork-like disloca-
tion will change their directions, when the circular polariza-
tion of incident light is exchanged. But the profile center inter-
ference patterns between co-polarized wave front and the ref-
erence wave front do not have such a characteristic. Then, we
extract phase from the interference patterns, which are plot-
ted in the right panel of Figure 4b,c. The cross-polarized wave
fronts both have a spiral phase distribution, but the co-polarized
wave fronts have a uniform phase distribution. It could be con-
cluded that the cross-polarized beam with LCP incidence ap-
peared to have a topological charge of +2, while the RCP one
had a charge of -2, and co-polarized beams could not generate
an OV.

4. Conclusion

In summary, SA-PhC slab was proposed to be able to gener-
ate OVs. The OVs generation was demonstrated both in simula-
tions and experiments. The SA-PhC slabs can optimized by mod-
ulating the diameter of PS-spheres and adding a SiO, spacer.
Momentum-space polarization vortices of SA-PhC slab was ob-
served in the fabricated SA-PhC slab. The OVs generation was
directly measured and different OVs can be generated by chang-
ing the incident circular polarizations. The SA-PhCs have been
explored as a low-cost and large-area experimental systems with
many applications, and our work offers new application of SA-
PhCs in OVs generation. And this new generation methods of via
SA-PhC slab can also promote the further applications of OVs.

5. Experimental and Computational Section

Experimental ~ Section: A polarization-resolved momentum-space
imaging spectroscopy based on Fourier analysis[*?] was used to measure
reflectance spectra, conversion efficiency, and iso-frequency contours.
An objective was used to perform the optical Fourier transform and
obtain the momentum space information on its back focal plane (BFP).
Additionally, a white light was focused on the sample by this objective.
Then, four achromatic doublet lenses were used followed by the objective
to image its BFP on a detector. When reflection spectra and conversion
efficiency were measured, a spectrometer was used as the detector. A
pair of cross-polarized circular polarizers were added into the setup,
conversion efficiency could be attained. When iso-frequence contours
were measured, a camera was used as the detector. A narrow-band filter
was added in front of the camera to attain the concerned wavelength and
a linear polarizer to obtain different polarization directions.

Computational Section: Full-wave electromagnetic simulations were
performed using S%,[43] an open-source program based on rigorous cou-
pled wave analysis (RCWA). It was suitable and efficient for solving pe-
riodic structures in the frequency domain. First, the proposed structures
were stratified to perform RCWA, and obtain the reflected electromagnetic
fields. Then, the data were post-processed to extract the required proper-
ties, such as reflection spectra, phase distribution, and conversion effi-
ciency.
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