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Abstract

Perfect vortex (PV) is a special light field with constant annular light intensity distribution while carrying orbital angular
momentum. It has been widely used in the fields of optical communications and particle manipulation. However,
conventional methods to produce PVs require a series of complex components, which limit their practical use in
miniaturization. In this paper, we designed PV generators based on highly efficient polarization-insensitive dielectric
metasurfaces. Simulation results showed that our designs could generate PVs with arbitrarily polarized incident Gaussian
beams. By adjusting the focal length of the lens and the half fan angle of the axicon, ring-shaped focal spots with different
radii could be obtained in the propagation space, rendering the system more flexible. Moreover, by superimposing the
phase functions of the four PVs with different ring radii , the simulation results demonstrated the generation of coaxial
PVs. Meanwhile, the multi-channel PVs were achieved by introducing the linear displacement factors. By employing
polarization-insensitive dielectric metasurfaces, we believe that this method of PV generation will stimulate further
applications in fields such as optical communications, particle trapping and manipulation.
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1. Introduction

Optical vortex (OV) is a light field with a spiral wavefront, which carries orbital angular momentum
(OAM) and shaped like a ring at the transverse plane. Since the OV was proposed by Allen et al [1] in 1992,
it has become a research hotspot in emerging fields in optics such as optical trapping [2-4] and optical
communications [5, 6]. However, the light field profile of the OV will increase significantly with the increase
of the topological charge (TC) it carries. As a result, it is difficult to use OVs with large TCs in some practical
applications such as coupling multi-OAMs in a single fiber [7, 8]. In order to solve this problem, perfect
vortex (PV) was theoretically proposed and produced in laboratory [9]. The radius of the ring-shaped focal
spot is almost fixed as the TCs change. This unique property has also propelled PV to be applied in optical
communications [10, 11], particle manipulation [12, 13], and plasmonic structured illumination imaging [14].

Theoretically, PV was produced from the Fourier transform of the Bessel-Gaussian (BG) beam [15], which
can be achieved by combining an axicon with the vortex phase obtained from a spatial light modulator (SLM)
[12]. However, these core devices used to generate PVs are relatively bulky and complicated, which increases
the complexity and decreases the flexibility of the whole optical system. Recently, owing to flexible
regulation of the amplitude and phase of the light field, metasurfaces based on sub-wavelength-sized
structures have been widely applied in optical systems to achieve miniaturization, high integration, and high-
performance applications [16-19]. Due to their unique flexibility, metasurfaces have been widely applied in



the generation of Bessel beams [20-23] and OVs [24-27], which provides a good approach for reducing the
complexity of optical systems and brings about new possibilities for the PV generation.

In the early exploration of applying metasurfaces to the PV generation, Liu et al [28] firstly produced PVs
by replacing the bulky refractive devices with three parts of Pancharatham-Berry (PB) phase [29-32] elements,
which significantly reduced the thickness of the whole system but still left a lot of room to improve the
integration. Zhang et al [33] took a monolithic plasmonic metasurface based on PB phase to produce PVs and
array PVs (multi-channel PVs) with a wide operating band and high flexibility to adjust parameters of the PVs,
but the transmission efficiency of plasmonic metasurfaces was relatively low. Recently, with high-contrast
dielectric materials [34-36], many researchers used dielectric PB metasurfaces [37,38,46] and successfully
produced PVs with their own characteristics. Moreover, by combining geometric and propagation phases,
special spin-multiplexed metasurfaces were designed and fabricated, which achieved broadband generation of
perfect Poincarébeam [47], a unique superposition of two PVs with different polarization. The dielectric
metasurfaces can achieve phase control without ohmic losses, and thus have higher transmission efficiency.
However, there is always a limit to the polarization state of the incident light when using PB phase
metasurfaces. Polarization-insensitive metasurfaces [39,40], instead, shave similar uses but with fewer
restriction of light sources, which have almost uniform responses to incident light in different polarization
directions. By using polarization-insensitive metasurfaces, PV-generating devices suitable for general light
sources can be generated.

In order to solve the above issues, we designed nano-post units based on dielectric materials to form a
polarization-insensitive metasurface. Simulation results showed that, by combining phases of a converging or
diverging axicon, a spiral phase plate, and the Fourier transform lens, PVs could be generated by using only a
single metasurface and we analyzed the regulation effects of the focal length of the lens and the half fan angle
of the axicon. Based on the high flexibility of metasurfaces, we extended the applicable range of the half fan
angle in the axicon phase from traditional converging to diverging. Then, to explore further applications of
PVs, we investigated two different approaches to generate multiple PVs with monolithic metasurfaces, that is,
by superimposing the phase functions of the four PVs with different ring radii to generate the coaxial PVs and
introducing the linear displacement factors to achieve the multi-channel PVs. Our work may help PVs
develop applications in fields such as optical communications and particle manipulation.

2. Method and theory
2.1. The metasurface design

As shown in Figs. 1(a) and (b), the metasurface is composed of cylindrical TiO2 nano-posts placed on SiO;
substrate, in which the phase regulation of the structure is dominated by the waveguide effect [26]. The
incident light illuminates on the metasurface from the bottom and generates a ring-shaped focal spot in the
designed focal plane. The substrate period of single unit cell is set to P = 325 nm and the height of the TiO,
nano-posts is set as H = 600 nm. By varying the radius of the nano-post, the whole 2 phase shift can be
achieved. We selected the plane wave with a wavelength of 4 = 532 nm as the incident light source for the
simulation of single unit cell and the refractive index of TiO at this wavelength is 2.42. Under these
conditions, the influence of the radius R of a single structure on incident light is calculated. Here, the finite
difference time domain (FDTD) method was used to calculate the relationship between the transmittance and
the phase shift characteristics of TiO, nano-posts with different radii, as shown in Fig. 1(c). Within the scope
of 0~2x phase shifts, the transmittance of incident light passing through nano-posts with different radii can be
kept above 80%. To verify the polarization insensitivity, we separately calculated the phase regulation of
single unit cell under x-polarized, y-polarized, left-handed circularly polarized, and right-handed circularly
polarized incident beams. As shown in Fig. 1(d), almost consistent characteristics of phase shifts can be
obtained under differently polarized incident beams, which demonstrates that the PV can be generated using
monochromatic light beams of different polarization states.
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Fig. 1(a) Schematic diagram of the metasurface for generating PV and (b) the unit cell. (c) Curves of transmittance and phase shift of the
unit of nanostructure; (d) Curves of the phase shift of the unit of nanostructure under x-polarized, y-polarized, left-handed circularly
polarized, and right-handed circularly polarized incident beams, respectively.

2.2. The generation method of PV

By deriving the Fourier transformation of the ideal Bessel beam Eg, one can generate an ideal PV beam
defined by the Dirac function [9], which can be expressed as Eq. (2).

Es (r,0)=1J, (k.r)-exp(ilo+ik,z), 1)
E(r,0)=5(r—r,)-exp(ilo), 2

where (r,8) are the polar coordinates, k = ka +k,* is the wave vector, which can be decomposed into (kr,

k;), the radial and longitudinal wave vectors, and J; is the Ith order Bessel function of the first kind. The ideal
PV beam will form a ring-shaped focal spot in space, with the value of ring radius r, =k, - f /k and | the

topological charge carried. While the ideal Bessel beam carries an infinite amount of energy and cannot be
created experimentally, by illuminating the axicons with Gaussian incidences, one can produce a Bessel-

Gauss beam Ege with the beam waist @, as an alternative to the ideal one. Again, by deriving the Fourier
transformation of the Bessel-Gauss beam [15], the approximation of ideal PV can be expressed as Eq. (4).

Ex (r.0)=1, (k,r)-exp(il@)-exp(—ar)zz) ®3)

g



E(r,0)=i" -%-exp(ila)-exp(— r2;2r°2 ] I, [2”20) : (4)

2 o @,

where | is the Ith order modified Bessel function of the first kind with the Gaussian beam waist in the focal
plane @, =2f /ke, . Due to the introduction of the axicon [12], the ring radius can be expressed as

r, =Kk, - f/k~ f-sin(f), which means that ro can be modulated by the half fan angle of the axicon $ and the

focal length of the lens f.

The traditional method to generate PVs requires three pivotal components: an axicon, a spiral phase plate,
and a Fourier transform lens. In order to replace all three refractive elements involved in the conventional
system, by superimposing the phases of these three components, we can obtain the phase function to generate
PVs as follows:
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where (X, y) is the Cartesian coordinate established at the center of the upper surface of the metasurfaces, 4 is
the wavelength of the light source, and f is the half fan angle of the axicon. Eq. (6) corresponds to diverging
or converging axicon phase when f is greater than or less than 0, respectively. The m is the TCs and f is the
focal length of the lens. In order to generate PV through a monolithic metasurface, we determined the radius
and configuration of each nano-post based on the phase equation described in Eq. (5) and the radius-phase
curve of the unit cell in Fig. 1(c). Usually, converging axicon is adopted in PV generation, in which the
negative half fan angle £ is chosen, as shown in Fig. 2(a). If f is positive, Eq. (5) will appear as a diverging
axicon, as shown in Fig. 2(b). The difference between the two kinds of axicons is that their phases have
opposite radial phase gradients. In our design, we used both positive and negative S, that is, using the
diverging axicon and converging axicon phase to generate PV. The converging axicon and the diverging
axicon are basically a pair of complementary optical elements, and both can achieve a ring-shaped focal
pattern [41]. These two kinds of axicons can transform the incidences into real and virtual Bessel beams,
respectively [42, 48], and both of their regulation effects on the incident light can be expressed by Eg. (6).
When the phase of the axicon is loaded into the metasurface, the symbols of the half fan angle g in Eq. (6) can
be used to represent the two types of axicons respectively, which again reflects the flexibility of metasurfaces
compared to traditional refractive optical elements.
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Fig. 2 Taking the PV of m = 5, the Schematic diagram of the beam propagation process and the phase synthesis diagram of the PV
generated by (a) converging axicon and (b) diverging axicon.

3. Results and discussion
3.1. Single PV

To prove that the metasurface with the converging axicon phase we designed can generate a single PV, we
firstly simulated the metasurface through the FDTD method as shown in Fig. 3, and the radius of the
metasurface was set as R = 25 um. In all subsequent simulations, we used a right-handed Gaussian beam as
the incident light with the wavelength and beam waist radius set as 532 nm and 2R, respectively. Fig. 3(a)
shows the phase distributions on the upper surface of the metasurface, and it can be observed that the spiral
phase fringes correspond to the preset TCs. According to the obtained light intensity distributions in Fig. 3(b)
and the phase distributions in Fig. 3(c), we calculated the ring radii. Here, we chose the distance from the
coordinates corresponding to the maximum light intensity at y = 0 um to the center of the focal plane as the
radius of PV. The ring radii of these three PVs in the focal plane were r; = 11.15 pm (m = 1), r, = 12.71 pm
(m =5), and r3 = 14.18 um (m = 10). The radii of the three ring-shaped focal spots were almost unchanged
with the growing TCs, which proved that the PV was successfully generated with the preset parameters. The
focusing efficiency of the PV generator is defined as the ratio of the transmitted power passing through the
ring-shaped pattern whose radius is three times the full width at half-maximum (FWHM) [46]. With the
parameters above, the efficiencies of the metasurface generators are 52.08% (m = 1), 58.92% (m = 5), and
54.72% (m = 10). Then we changed the axicon phase into diverging one. Fig. 4(a) shows the phase
distributions on the upper surface of the metasurface, and it can be observed that the spiral phase fringes
correspond to the preset TCs m. As shown in Fig. 4(b), the radii of the three ring-shaped focal spots carrying
different TCs were almost the same, with ry = 14.88 um (m = 1), r, = 14.92 ym (m = 5), and r3 = 15.12 um (M
= 10). According to Fig. 4(c), it can be observed that phase fringes corresponding to designed parameters m
are generated in the focal plane, corresponding to the ring-shaped focal spots. As the TCs grew, there were
only small increases in the ring radius, which means that PVs using diverging axicon phase were successfully
generated. And here, the PV generators have the conversion efficiency up to 67.69% (m = 1), 66.14% (m = 5),
and 62.27% (m = 10).
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Fig. 3 In the case of axial cone phase convergence, the parameters of the metasurface are f = 100 um, # = -5 m = 1,5, and 10. (a) The
phase distribution on the upper surface of the metasurfaces is obtained. (b) The intensity distribution in the focal plane z = 100 um. (c)
The phase distribution in the focal plane. (d) The intensity distribution on the z-transmission plane.
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Fig. 4 In the case of axial cone phase divergency, the parameters of the metasurface are f =20 um, g =40 m =1, 5, and 10. (a) The
phase distributions on the upper surface of the metasurfaces are obtained. (b) Light intensity distributions in the focal plane z = 20 um. (c)
Phase distributions in the focal plane corresponding to the ring-shaped focal spot in the x-y plane. (d) The intensity distribution on the z-
transmission plane.



Next, we respectively adjusted £ and f and observed the influences of these parameters on the light field in
the focal plane. Firstly, the influence of the half fan angle £ of the axicon was considered and it was reduced
from 40<=to 20°while the focal length f = 20 um was maintained. By comparing the solid lines with the dot-
dash lines in Fig. 5(a), the radius of the ring-shaped focal spots observed in the focal plane z = 20 pm
decreases to about 8 um with the decrease of f. Then we studied the effect of focal length f on the PV. We
kept = 20< increase the designed focal length f from 20 pum to 30 pm. As shown in the dotted lines in Fig.
5(a), the radii of the ring-shaped focal spots in the focal plane of the second group of the PVs were
significantly increased, reaching about 12 um. As shown in Fig. 5(a), three groups of nearly symmetrical
distributions of normalized intensity can be obviously observed, which means that in each group of focal
planes with different parameters f and g, the radii of ring-shaped focal spots were basically the same when m
changes, which indicated that PVs are generated under all three sets of parameters. Furthermore, we selected
the radius of the ring-shaped focal spots in the focal plane under the condition of fixing m = 5 to observe the
influence of different parameters f and £ on the generation of the PV. Fig. 5(b) and (c) illustrate that the radius
of the ring-shaped focal spots varies approximately linearly with the change of f or 5. These results indicated
that the radius can be controlled in a certain range by designing reasonable parameters f and £, so as to obtain
a more ideal distribution of PVs to meet the needs of different occasions.
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Fig. 5(a) The normalized intensity distributions of f =20 um, g = 40<(solid line); f = 30 um, # = 20°(dotted line); f =20 um, = 20°(dot
dash line) at m =1 (red), 5 (green), and 10 (blue), respectively. (b) Trend of focal plane ring radius with # when m = 5, fixed f = 20 pm. (c)
Trend of focal plane ring radius with f when m =5, fixed f = 40<

However, unlike PB metasurfaces [37, 38, 46], our PV generators have no restrictions on the polarization
state of the incident light source. To verify the polarization insensitivity, we performed simulations with four
different polarized incidences. The results are displayed in Fig. 6(a), where the maximum positions of the
normalized intensities of the PVs in the focal plane remain almost unchanged with different TCs. The ring
radius of the generated PVs and the focusing efficiency of PV generators under left-handed circularly
polarized, x-polarized, and y-polarized Gauss incidences are displayed in Table. 1. As the polarization of
incidences changes, the results in Table. 1 demonstrate that the radii of PVs with all four kinds of polarized
incidences keep consistent and the focusing efficiency of the PV generator is always maintained at a high
level. These results fit well with the design, which demonstrate that the metasurface PV generators can



transform the incident Gaussian beam with arbitrary polarization into the PV. In this section, we had
successfully generated single focused PVs using polarization-insensitive metasurfaces with the incidence of
all four kinds of polarized Gaussian beams and these PV generators also exhibited flexibility in tuning the
radii of the generated PVs.
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Fig. 6 The parameters of the metasurface are f = 20 um, # =40< m = 1 (red), and 10 (blue) with right-handed circularly polarized, left-
handed circularly polarized, x-polarized, and y-polarized incidences, respectively. The arrows in the polarization profile were calculated
by arctan[Re(Ey) / Re(Ex)], and the data used here were obtained from the electric field monitor in the focal plane. (a) The normalized
intensity distributions in the focal plane with m = 1 and 10. (b) The polarization distribution in the focal plane when m = 1. (c) The
polarization distribution in the focal plane when m = 10.

Table 1. The ring radius of PVs and the focusing efficiency of the PV generators with different polarized incidences

Polarization and TCs  Radius (um)  Focusing efficiency (%)
LCP (m=1) 14.85 67.10
LCP (m=10) 15.05 63.06
X(m=1) 14.90 66.74
X (m = 10) 15.05 63.11
Y (m=1) 14.85 67.83
Y (m = 10) 15.00 63.17




3.2. Multiple PVs

In the above, single PVs with phase of converging or diverging axicon were generated and we also
demonstrated the polarization insensitivity of the PV generators. In optical communication applications, the
schemes that generate multiple PVs simultaneously can significantly improve the performance of the system
[33, 43-45]. In order to maximize the potential of the monolithic metasurface, we tried two different methods
to generate multiple PVs simultaneously. As shown in Fig. 5(b), when f is fixed and only g of the axicon is
changed, the radii of the ring-shaped focal spots observed in the focal plane are approximately linear with £.
Therefore, we could superimpose four PV phases with different # and m on the metasurface under the
condition of keeping f unchanged to realize the generation of the coaxial PVs. To achieve the coaxial

4
propagation of multiple PVs, the final phase patterned on the metasurfaces obeys: ¢ = arg{Zexp(i(ppvvn)} .
n=1

The phase ¢, , used to generate four individual PVs still obeys Eq. (5). Here, we kept the focal length of the

four PVs at f = 40 um and simulated them under two different groups of TCs. The first group is PV1 (8 =159
m=1), PV2 (£ =20m=3), PV3 (=255 m=5),and PV4 (=30 m=7). The second group is PV1 (f =
15 m=2),PV2 (=20 m=4),PV3 (#=255m=6), and PV4 (# =30< m = 8). As shown in Fig. 7(a), the
phase distributions of the metasurface under two groups of parameters are theoretically calculated. And from
the center to the external, the simulated phase distributions of the metasurface corresponding PV1 (5 = 159,
PV2 (=209, PV3 (5 = 259, PV4 (B = 309 were shown in Fig. 7(b). According to Figs. 7(c), four evenly
distributed concentric ring-shaped focal spots can be observed on the plane at z = 40 um, with the radius
difference of 3 pm between adjacent rings. The change in radii is consistent with the linear expanding trend of
the radius of ring-shaped focal spots caused by the increase of £. In addition, by observing the phase
distribution at each ring-shaped focal spot located on the corresponding positions in the focal plane Fig. 7(d),
both two sets of PVs with different g carry correct TCs and maintain consistent ring radii with different TCs,
which means that the ring radius is independent from TCs. That is, simulation results demonstrate that we can
realize the coaxial propagation of four PVs through a monolithic metasurface.
(a) (d)
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Fig. 7(a) Phase distributions on the metasurface with two sets of parameters are calculated theoretically by MATLAB. (b) The phase
distributions on the metasurface under the two sets of parameters obtained by simulation (the first set is shown above). (c) Intensity
profile from the center to the external corresponding PV1 (8 = 159, PV2 (8 = 209, PV3 (8 = 259, and PV4 (B = 309. (d) The phase
distributions in the focal plane z = 40 pm corresponding to the four ring-shaped focal spots.

Another method to generate multiple PVs simultaneously is to generate multi-channel PVs, which means
introducing several PVs with different TCs into linear displacement while keeping f and £ unchanged and then
superimposing their phases on a monolithic metasurface. Here, the phase patterned on the metasurface to



4
generate  multi-channel PVs  obeys (psum=arg{2exp{i(¢wn+(an-x+bn-y)~Zﬂﬂ} . Wwhere
n=1 ' A

xy
Ay =A-f1s,, arand b, are parameters that determine the central position of each PV in the focal plane and

their value is 0 or #. S,y represents the displacement of the centre of each ring-shaped focal spot from the
centre of the focal plane in the x or y directions. According to the design, each PV beam propagates at a
specific angle away from the z-axis, so that four ring-shaped focal spots can be observed at the same time on
the focal plane. Here, the four TCs are selected as m =1, 3, 5, and 7, and in order to control the radius of the
generated ring to avoid interference between adjacent PVs, we increase the focal length f to 50 um and restrict
the size of each ring by reducing the g to 7.5< together with the linear displacement factor Sy, set as 10 um. At
the focal plane z=f=50 um, PV1 (m=1,a1=1,b1=0),PV2(m=3,a,=0,b,=1),PV3(m=5,a3=—1, bs
=0),and PV4 (m =7, as = 0, by = —1) can be simultaneously generated. As shown in Fig. 8(c), the centres of
the four rings with almost the same radius in the focal plane are generated at points (0, 13 pm) and (+13 um,
0). They are slightly offset from the pre-designed centre position (0, £10 pm) and (10 um, 0). This part of
extra offset is probably caused by the metasurface itself. In fact, the actual outgoing light is emitted from the
upper surface of each unit cell on the metasurface, while the upper surface of the substrate was set as z= 0 pm
in the simulation. Because of the designed linear displacement of each PV, when lights reach the design focal
plane, the extra offset has been generated. As shown in Fig. 8(d), the stripes corresponding to the designed TC
values (m =1, 3, 5, and 7) also appear at the designed focal point. The simulation results above show that four
PVs with different TC values are produced simultaneously at the predetermined position of the focal plane,
and there is no overlap between each other.

y(um)
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Fig. 8(a) Phase distribution of the upper surface of the metasurfaces calculated theoretically by MATLAB. (b) Phase distribution of the
upper surface of the metasurfaces obtained by simulation. (c) Diagram of the light intensity distribution in the focal plane, which shows
PV1 (m=1), PV2 (m = 3), PV3 (m =5), and PV4 (m = 7). (d) Diagram of the phase distribution in the focal plane z = 50 um.

4. Conclusion

In general, by combining the phases of an axicon, a spiral phase plate, and a Fourier transform lens, we
designed efficient polarization-insensitive dielectric metasurfaces composed of TiO, nano-posts with SiO;
substrate to generate PVs. The simulation results indicate that, by designing reasonable parameters f and £, a
more ideal distribution of PVs can be obtained to meet the needs of different occasions, and the polarization-
insensitivity to different incidences gives more flexibility for PV generation. In addition, the generation of
coaxial PVs and multi-channel PVs through a single metasurface was also successfully achieved by
superposing the phase of four PVs with different parameters and introducing linear displacement to PVs with
the same f and £, which can considerably increase the amount of information carried by a single metasurface.
The direct generation of PVs by monolithic polarization-insensitive dielectric metasurfaces not only
significantly improves the efficiency and flexibility of the optical system, but also greatly improves the
integration. Our work will stimulate further applications of PVs in fields such as optical communications,
particle manipulation, information storage, and so on, and can supplement the application of metasurfaces in
light field control and miniaturized and integrated optical systems.
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