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Highly customized and miniaturized structured light is expected in many application fields. A kind of structured
vortex generators is proposed based on a metasurface consisting of rectangular nanoholes etched in a silver film,
and the generated vortices with the same or different topological charges are distributed along the radial direction.
The geometric metasurface is completed with the help of optical holography technology, and the structured vortex
generator possesses high working efficiency and large information capacity. The proposed vortex generators work
under circularly polarized light illumination, and the reproduced vortices of multiplexing vortex generator de-
pend on the handedness of the circularly polarized light. This work paves a way to generate new structured light
fields. The radially distributed vortices may be utilized to simultaneously screen or separate microparticles. The
compact design of the structured vortex generator and the convenient switch of different structured vortices will

be a benefit to expand the applications of structured vortex fields.
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1. INTRODUCTION

The optical vortex with nonuniform phase distribution and
phase singularity has been an ongoing subject of concern in
the past 30 years [1,2]. One typical vortex usually behaves
as a helical phase wavefront and an annular intensity cross sec-
tion [3,4]. One complex structured vortex, like the Laguerre—
Gaussian (LG) beam [5], the Bessel-Gaussian (BG) beam [6],
or the Mathieu beam [7], behaves with multiple-ring or multi-
ple-spot intensity distribution, and the topological charges of
the spiral phases in different regions may be same or different
[8,9]. Because the vortex beam carries the orbital angular mo-
mentum, which provides the interaction of light and matter, it
can be widely applied in optical tweezers [10], optical trapping
[11], quantum communication [12], and quantum informa-
tion processing [13]. The structured vortex with custom inten-
sity and spiral phase distribution may expand to the wide
applications in fields like 3D spiral fabrication [14,15].

A vortex beam may be generated by using many methods,
such as the beam interference [16], forked grating [3], spatial
light modulator [17], spiral slit [18,19], spiral phase plate [20],
and metasurface [21,22]. In comparison with the other meth-
ods, metasurfaces can cause spatially varying optical responses
through the interaction between the light field and nanostruc-
ture instead of spatial accumulation effect along an optical path
[23]. Therefore, metasurfaces show the advantages of compact
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structure and powerful light manipulation and have attracted
great interest. Flat optical devices, including metamirrors
[24], metalenses [25,26], meta-axicons [27], metafilters [28],
and metaholograms [29,30], have been proposed.

With the help of optical holography technology, metasurface
holography can realize the record of the amplitude and phase of
any object and the reproduction of the object using the metaholo-
gram [31-34]. Recently, some groups have reported the repro-
duction of designated intensity distribution or shaped
wavefront. Ni e al. reproduced the word “PURDUE” as the test
virtual object through designing the metahologram composed of
V-shaped holes [35]. Dolev ez al. performed the beam shaping
through designing the amplitude holographic grating and ob-
tained a vortex beam and an Airy beam [36]. Mueller ¢t /. de-
signed a chiral metahologram consisting of elliptical pillars and
reproduced different images of cartoon pet patterns with the con-
trol of circularly polarized light [37]. These works show the per-
formance of metaholograms with low noise, high resolution, and
tunability, which will open more opportunities in the applications
of high-capacity optical imaging and information processing,

Besides the intensity modulation, wavefront shaping, and
multiplexing image reproduction, as we know, the powerful
light manipulation ability of metasurface holography is far
more than above [38,39]. In this paper, we utilize metasurface
holography to reproduce simultaneously the intensity pattern
and phase distribution. We design a kind of structured vortex
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generator (SVG) using the designed metaholograms and obtain
the structured vortices with multiple-ring intensity and a spiral
phase. The topological charges of spiral phases in different ra-
dial regions may be same or different. The proposed SVG con-
sists of rectangular holes etched in silver film. The structure
information of SVG comes from a Fresnel hologram of the
structured vortex field. Besides this fundamental design, the
multiplexing metasurface SVG is also proposed to output
the polarization controllable structured vortex. The reproduced
results of structured vortices show our designed SVGs have low
noise, high working efficiency, and large information capacity.
The generation of a structured vortex and the design of a meta-
surface SVG will promote the applications of the metasurface
holography and structured vortices in the fields of optical
manipulation and integrated optics.

2. DESIGN PRINCIPLE

The structured vortex has the spatial distribution of multiple-ring
intensity and a spiral wavefront. Two parameters of 7 and ; are
used to describe this structured light field, where the parameter 7
takes a nonnegative integer and reflects the number of radial
nodes among the intensity distribution, The parameter 7; takes
any integer with the subscript of 7, taking the value of 0, 1, ..., 7.
The value of m;, represents the topological charge of the vortex,
and it means the light field in the ith radial region has an azimu-
thal phase change of 2m;7. Certainly, the value of 7; in different
radial regions may be equal or different. Figure 1(a) shows the
intensity and phase distributions of one structured vortex field
with 7 = 1 and my = m; = 2. Obviously, the number of bright
rings is one more than the value of 7. The phase changes twice
that of 27 along the counterclockwise direction, and the initial
phases of vortices at different regions are different. This case is just
like the distribution rule of an LG beam.

In order to generate this kind of structured vortex field using
a metasurface, we construct the metahologram according to the
Fresnel holography technique [40]. The structure information
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Fig. 1. (a) Number of outer loops by 7 as 1 and the spiral phase
wavefront determined by 7 ; as 2; (b) phase information of the struc-
tured light beams with hologram (Holo) and thresholding hologram
(T-holo); (c) relation between the phase delay ¢ and the rotation angle
0 of hole; and (d) schematic diagram of the metasurface holography
under circularly polarized light illumination.
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of the metahologram comes from the Fresnel transformation of
the structured vortex field. Thus, we first construct the complex
amplitude of the structured vortex field, which can be denoted
by Uy(x,y) (see Appendix A). Then, we obtain the Fresnel
holography diagram through the Fresnel transformation.
This process can be expressed by

exp(ikd 13
Up(x,y) = Ug(x,y) * {% exp B—d (x* +y2)} }
(1)

where U (x, y) is the spatial distribution on the hologram,  is
the diffraction distance, and £ = 27/ is the wave vector with
the incident wavelength of 2. The symbol * represents the con-
volution operation.

In order to simplify the coding capacity of the Fresnel holo-
gram, we set one or more threshold values according to the
amplitude information, like the case of Fig. 1(b), where
Holo and T-Holo denote the phase holograms without and
with setting a threshold value, respectively. We can see that
the spatial region of phase distribution gets smaller after setting
a threshold value, which is more convenient for the design of
the metasurface. In practice, we utilize the discrete rectangular
nanoholes to construct the metahologram. The amplitudes and
phases of the metahologram correspond to the data for the
Fresnel hologram of Upg(x,y). Thus, the expression of
Up(x,y) should be discretized and the above equation can
be substituted by the following form:

UH (Péx’ qéy) = UO (péx’ qéy)

2D o2 ] @

where the parameters of p and ¢ take integers, and 3, and 9,
represent the sampling intervals of the metasurface along two
orthogonal directions. pd, and g6, determine the positions of
the sampling points along two directions, which correspond to
the spatial coordinates of nanoholes on the metasurface. The
phase information of the metahologram can be incarnated with
the help of the rotation of the rectangular nanohole because the
rotated nanohole may introduce a geometric phase delay.
Certainly, the introduced phase delay appears among the
cross-polarization, and it equals twice the rotation angle
[41,42]; Fig. 1(c) shows the 2-times relation between the phase
delay and the rotation angle of the nanohole.

If one performs the inverse Fresnel transformation of
Up (%, y) or U (pd, g5,), one can obtain the image of the des-
ignated vortex field of Uj(x,y) through the expression of the
reproduced vortex field; the case of Eq. (1) or Eq. (2) illustrates
the difference of one complex constant. Through above oper-
ation, one metasurface SVG is formed by using the rotated rec-
tangular nanoholes, and the structured vortex field can be
reproduced under the circularly polarized light illumination.
The reproduced image of the structured vortex field appears
at the propagation distance of 4 because the inverse Fresnel
transformation of the metahologram is done. Figure 1(d) shows
the schematic diagram for the generation of structured vortex
field based on the designed metasurface. The inserted diagram
on the bottom of Fig. 1(d) is the magnified structure of the
metasurface.
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3. NUMERICAL SIMULATIONS

In order to increase optical performance of the designed SVG,
we first optimize the parameters of the metasurface and ascer-
tain the condition for the maximum transmittance of metasur-
face through the simulation calculations (see Appendix B). The
thickness of the silver film deposited on the glass substrate takes
150 nm, and the length and width of the rectangular hole take
/ =135 nm and w = 70 nm. The intervals of two adjacent
nanoholes along two orthogonal directions take A = 250 nm.
Theoretically, we can design any SVG on the basis of the above
theoretical analysis. Here, three kinds of SVGs are provided.
The first one is the SVG that generates a radially structured
vortex carrying the same topological charge; the second one
is the SVG that forms a radially structured vortex carrying dif-
ferent topological charges; and the third one is the multiplexing
SVG with the structured vortex changing with the handedness
of the incident circular polarization.

A. SVG Carrying the Same Topological Charge

This kind of SVG can generate the structured vortex fields
where the topological charge of the vortex distributed in differ-
ent radial regions is same. The gray-scale patterns at the left of
Figs. 2(a) and 2(b) give the phase distributions of this kind
of structured vortex; the parameter of 7 equals 0 and 2, and
the parameter of 7 takes 2 for two cases, where the inserted
patterns on the lower right corners of Figs. 2(a) and 2(b)
are the intensity distributions. Obviously, the number of bright
rings among the intensity distribution is one more than the
value of 7. The value of the parameter of m corresponds to
the topological charge of the vortex in each radial region. It
is easy to see that this structured vortex light is like the LG
light [5].

In the designed structured vortex field, we perform a Fresnel
transformation according to Eq. (1) and construct the corre-
sponding metahologram according to the discretized data of
Eq. (2). Then the reproduced image of the structured vortex
field can be obtained with the right-handed circularly polarized
light illumination. The color patterns at the right of Figs. 2(a)
and 2(b) give the simulation results for the intensity and phase
distributions of the reproduced light fields. In these two
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designs, the distance between the metasurface and the obser-
vation plane is set as 4 = 10 pm. For convenient observation
of the phase change, some curves with arrows are inserted in the
patterns of phase distributions. By comparing Figs. 2(a) and
2(b), we can see that the intensity and phase distributions for
the reproduced fields are almost the same as the designed fields.
The clear boundaries between different characteristic regions
indicate that the designed holography metasurfaces for the
SVGs have higher resolution and precision.

B. SVG Carrying Different Topological Charges

The optical vortex of the structured vortex field at different ra-
dial regions may have different topological charges. The second
kind of SVG can generate this structured vortex field. The in-
tensity and phase distribution characteristics of this kind of
structured vortex can be seen from the patterns at the left of
Figs. 2(c) and 2(d), where the parameter of 7 equals 2. The
parameter of ; takes 1, 2, and 3 for Fig. 2(c) and 1, -2,
and 3 for Fig. 2(d). One can see the phases in the inner regions
of the two patterns increase 2z in counterclockwise direction,
and the phases in the outer regions of the two patterns increase
three times 27 in counterclockwise direction. In the middle
regions for the two cases, the phases increase two times 27
along counterclockwise direction and clockwise direction, re-
spectively. The inserted intensity distributions in the lower
right corners of Figs. 2(c) and 2(d) show three bright rings ap-
pear; they are one more than the value of 7.

For these structured vortex fields, we perform the above-
mentioned operation process and obtain their Fresnel metaho-
lograms. We also set the distance between the metasurface and
the observation plane at 4 = 10 pm and simulate the Fresnel
diffraction of the metahologram. The images of the structured
vortex fields are reproduced, as shown in the color patterns on
the right of Figs. 2(c) and 2(d). One can easily see that the
phases in the radial regions from inside to outside change once,
twice, and three times 27z. The increase directions of phases at
the middle regions for the two cases are opposite. The inserted
intensity patterns at the lower right of Figs. 2(c) and 2(d) are
also the same as the designed ones. Three bright rings appear in

any case.

Fig. 2. Intensity and phase distributions of the designed structured fields and the reproduced structured fields, where (a) the parameter of 7 takes
0 and the parameter of 7z, takes 2; (b) the parameter of 7 takes 2 and the parameter of 7; takes 7, = m; = 2; and the parameter of 7 takes 2 and the
parameter of m; takes (c) my = 1, m; = 2, and m, = 3 and (d) my = 1, m; = -2, and m, = 3 (white bar, 6 pm).
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C. Multiplexing SVG with Polarization Dependence
We also design a polarization-dependent SVG that can generate
the different structured vortices with the illumination of the
left-handed circularly polarized (LCP) light and right-handed
circularly polarized (RCP) light. In order to realize the polari-
zation control of the structured vortex field, we design one
polarization multiplexing metasurface. We first obtain the
Fresnel transformation of two structured vortex fields, as in
the above operation. Then, we compare the amplitude infor-
mation of the two Fresnel fields and construct one compound
Fresnel field keeping only the information of the field with the
greater amplitude. Setting a threshold value and rotating the
rectangular nanoholes, the polarization multiplexing metasur-
face is formed.

Figures 3(a) and 3(c) give the combinations of the multi-
plexing structured vortex field, which includes two different
structured vortex fields. One is the structured vortex field with
the parameters of 7 = 0 and my = 2, and the other is the struc-
tured vortex field with the parameters of 7 = 1, my = 1, and
m; = -2. The gray-scale patterns of Figs. 3(a) and 3(c) show
the intensity and phase distributions of two structured vortex
fields. For the former, there is one bright ring and the phase
changes two times 27 along the counterclockwise direction.
For the latter, there are two bright rings, and the inner phase
changes 27 along the counterclockwise direction, and the outer
phase changes two times 27 along the clockwise direction.

The color patterns of Figs. 3(b) and 3(d) show the intensity
and phase distributions of the reproduced structured vortex
fields generated by the same metahologram with the LCP
and RCP light illumination. From the simulation results, we
can see one bright ring appears with the RCP light illumina-
tion, and two bright rings are produced with the LCP light
illumination. The phase for the former changes two times
27 along the counterclockwise direction. For the latter, the in-
ner phase changes 27 along the counterclockwise direction, and
the outer phase changes two times 27 along the opposite
direction. Obviously, the reproduced vortex fields are the same
as the designed ones.

It is interesting that the phase distribution with the
opposite topological charge appears when the designed SVG

is illuminated by the orthogonal circularly polarized light. As
shown in the dark areas in Figs. 3(b) and 3(d), although the
intensity of the bright ring disappears under the orthogonal cir-
cularly polarized light illumination, the phase changing in the
opposite direction can still be seen. We think this is because the
SVG is designed on the basis of the geometric phase which is
being carried by the cross polarization, and the designed SVG is
similar to the spiral phase plate.

Similarly, any structured light field can be generated by
building the model of the structured light field and construct-
ing the appropriate metahologram, although only three kinds of
SVGs are provided in this paper. Furthermore, it needs to be
pointed out that the determination of metasurface parameters,
the realization of the metahologram, the simulations for the
wavefront of single rectangular nanohole, and the reproduc-
tion of the metahologram are completed by using the finite-
difference time-domain technique (see Appendix C).

4. EXPERIMENT MEASUREMENT

A practical experiment is performed to verify the performance
of our proposed metasurface SVG. We manufacture one sam-
ple of the polarization-dependent SVG; Fig. 4(b) gives the scan-
ning electron microscope (SEM) image and a part of its
magnified image. During the manufacture of the sample, a sil-
ver film with the thickness of 150 nm is deposited on the glass
substrate by using the magnetron sputtering method, and the
rectangular nanoholes are fabricated by means of the focused
ion beam etching method. We put the sample of SVG into
the optical path shown in Fig. 4(a) and measure its reproduced
image. The linearly polarized light emitted from the He—Ne
laser changes into the RCP and LCP light with the help of
a polaroid (P;) and a quarter-wave plate (QWP;). Then, it
illuminates the sample from the glass substrate, and one micro-
scope objective (MO ) magnifies the transmission intensity dis-
tribution of the sample. A polaroid (P,) and a quarter-wave
plate (QWP,) are used to reduce background light. The mag-
nified intensity distribution is received by a two-dimensional
CCD. Figures 4(c) and 4(d) give the measured results for
the intensity distributions of the diffraction fields with different

Fig. 3. Intensity and phase distributions of (a), (c) the designed structured vortex fields and (b), (d) the reproduced structured lights with different
polarization light illuminations, where the parameter of 7 takes 0 and the parameter of 7z takes 2 for (a) and (b), and the parameter of 7 takes 1 and
the parameter of my = 1 and m; = -2 for (c) and (d) (white scale bar, 6 pm).
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Fig. 4. (a) Experiment setup for measuring the diffraction intensity and phase distributions of the SVG sample; (b) SEM image of the SVG
sample, where the inserted patterns at the bottom are the magnified part; (c) and (d) the measured diffraction intensity distributions under RCP and
LCP light illumination; and (e) and (f) the interference results of the reproduced vortex fields and the plane wave for two illumination conditions,

where the wavelength of the illuminating light takes 632.8 nm.

polarized light illuminations. In order to measure the phase
distribution of the structured vortex field, we add a reference
light path to realize the interference of one plane wave and the
structured vortex field. The beam splitters (BS; and BS,) split
the light beam and combine light beams, and the dense filter
(DF) controls the intensity of the reference light. Figures 4(e)
and 4(f) give the measured interference results under the two
illumination conditions.

From Figs. 4(c) and 4(d), one can see that one bright ring
appears with the RCP light illumination and two bright rings
appear with the LCP light illumination. These are the same as
the simulated results of Figs. 3(b) and 3(d). From the interfer-
ence results in Figs. 4(e) and 4(f), one can observe many bright
spots with respect to the positions of the bright rings. For con-
venient comparison, we label their positions near these bright
spots by the short dashed lines. The numbers of the bright spots
for two symmetric parts of any ring are also marked out. It is
easy to see that the difference of bright spots at two symmetric
parts in Fig. 4(e) is 2, which corresponds to the value of the
parameter of . Similarly, From Fig. 4(f), one can see that
the difference of bright spots at two symmetric parts is 1
for the inner ring and 2 for the outer ring. Moreover, compar-
ing the numbers of bright spots at two symmetric parts located
on the inner and outer rings, we can find for the inner case, the
number at the top is smaller than the one at the bottom, but
for the outer case, the number at the top is larger than the one
at the bottom. This indicates that the topological charge of

the inner vortex has the opposite sign in comparison with
that of the outer vortex. These are just with respect to our
designed values of 1 and -2. Obviously, all these measured re-
sults are consistent with the theoretical and simulated results.
These results also verify that our proposed SVGs have reliable

performance.

5. CONCLUSIONS

In summary, we designed metasurface SVGs on the basis of
metasurface holography. Our proposed metasurface SVGs con-
sist of rectangular nanoholes, and they modulate the amplitude
and phase of light fields to generate the structured vortex lights.
Three kinds of metasurface SVGs are created: an SVG with the
same topological charge, an SVG with different topological
charges, and a polarization multiplexing SVG. The simulation
and experiment results show the reproduced images of the
structured vortex fields can appear as expected. The generation
of the structured vortices can realize the parallel output of sev-
eral vortices, which can be applied in optical manipulation, in-
cluding particle screening and trapping with many channels,
and the polarization multiplexing SVG can also be utilized with
flexible control. The advantages of the metasurface, including
the ultrathin structure, flexible control, large information
capacity, and easy integration, offer the proposed SVGs more
potential applications, from high-resolution imaging and mi-
cromanipulation to quantum communication.
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APPENDIX A: MODEL OF STRUCTURED
VORTEX

One structured vortex field Uy (x, y) points to a combination of
the fields carrying spiral phase and annular intensity, and it can
be expressed in the following form:

. 2 4 2) /2 R
Ut = 3 € e LD i g,
i=0

Woi

(A1)

where C; is the amplitude of the light field, R; is the center
position of the radius of the bright ring, wy; represents the
width of the bright ring, and exp(jm;¢p) denotes the spiral
phase. Therefore, the structured vortex has the spatial distribu-
tion of multiple-ring intensity and a spiral wavefront.

The amplitude and phase information can be recorded
based on optical holography technology, and the image of
the object can be reproduced under the reference light
illumination. After ascertaining the parameters of the struc-
tured vortex, we perform the Fresnel transformation, and the
transformed field can be written as Eq. (1). Through the inverse
Fresnel transformation, one can obtain the optical field at the
propagation distance of 4,

2
Unleny,) = (ﬁ) oy, (A2)

Obviously, it is just the target function of Uj(x,y).
This is the physical mechanism of Fresnel holography and
reproduction.

APPENDIX B: OPTIMIZATION OF
METASURFACE

The sampling interval or the information content is the key
issue for image reproduction. In terms of the Nyquist sampling
theorem, when the propagation distance 4 is set at 10 pm, the
maximum sampling interval is ascertained as (1d/N)'/? =
250 nm with 4 = 632.8 nm and N = 100. We choose the
sampling interval as 250 nm. Then, the transmission intensity
needs to be set with a value as large as possible. The transmis-
sion intensity of the rectangular nanohole varies with its length
and width. According to the simulation results, we can ascertain
the length and width of the rectangular hole, using 135 nm and
70 nm so as to obtain the maximum transmission intensity.
While the incident light takes the RCP, the transmitted
polarization state of nanohole in the circular base can be ex-

pressed by [41,42]

_A 0 B—’2a 1
t[—5<1>+zfj <0>, (B1)

where A = a, +a,¢° and B = a, - a,é°, a, and a4, are the
amplitudes of transmission field along the two major axes, &
is the phase delay of two field components along the two major
axes, and a is the direction angle of the fast axis with respect to
the x axis. The first term also takes the RCP; the second term is
the LCP. Here, we just use the additional phase of exp(-j2a)
among the cross-polarization conversion to construct the
metahologram. Certainly, the first term is the unexpected

component, and the effective contribution is proportional to

the ratio of B/A. Under the given condition, the optimized
result shows that B/A reaches about 0.82.

Though the polarization conversion efficiency of this nano-
hole is not too high, the parameters for the rectangular hole are
the optimization results after considering comprehensively the
transmission intensity, the sampling points, and the polariza-
tion conversion.

APPENDIX C: SIMULATION METHOD

The realization of the metahologram, the determination of
metasurface parameters, and the simulated diffraction distribu-
tions are obtained by using the finite-difference time-domain
technique. In practical simulation calculations, the perfectly
matched layers are used as the boundaries to prevent nonphysi-
cal scattering; the minimum mesh step is set at 2 nm. The RCP
light is chosen as the illuminating light for the results in Figs. 1
and 2, and the RCP and LCP lights are chosen as the illumi-
nating lights for the results in Fig. 3. The dielectric constant of
silver for the wavelength of 632.8 nm is taken as the value given
by Palik [43].

During the determination of the metasurface parameters,
the calculation conditions are chosen as the detection plane
at 2 pm away from the nanohole etched on the silver film, with
the length and width of the rectangular nanohole swept from 0
to 150 nm, with a step of 5 nm. For realization of the meta-
hologram, the positions of nanoholes are located on the sam-
pling points of the Fresnel hologram. The construction of the
metahologram model is finished according to the written script
and the default parameters.

We set the corresponding parameters of the calculation phe-
nomenon, including the thickness of the silver film, the length
and width of the nanohole, the intervals of two adjacent nano-
holes along two orthogonal directions, the rotation angle of the
nanohole at any point, the illumination condition, and the
monitor plane of the reproduced image. Thus, the intensity
and phase distributions are calculated based on the iteration
rule of electromagnetic fields. Many simulated calculations
with respect to different metaholograms provide the solid foun-
dation for the design of the practical metaholograms.
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