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Optical vortex (OV) beams are ideal carriers for high-capacity optical communication, and
long-wave infrared (LWIR) is the ideal wavelength band for long-range optical
communication. Here, we propose a method for the achromatic generation of focused
optical vortex (FOV) beams with arbitrary homogenous polarization states in the LWIR
using a single all-germanium metasurface. The chromatic aberration and polarization
sensitivity are eliminated by superimposing a polarization-insensitive geometric phase and
a dispersion-engineered dynamic phase. The method is validated using two broadband
FOV generators with the same diameter and focal length but different topological charges.
The results indicate that the FOV generators are broadband achromatic and polarization
insensitive. The proposed method may pave the way for chip-scale optical communication
devices.

Keywords: broadband achromatism, optical vortex, germanium metasurface, polarization insensitive, orbital
angular momentum, modal purity, anisotropic nanostructure, longwave infrared

INTRODUCTION

Optical vortex (OV) beams characterized by the Hilbert factor exp (i€0) (£ is the topological
charge) can carry the orbital angular momentum (OAM) €% per photon in addition to the spin
angular momentum (SAM) associated with photon spin. Unlike SAM, which is limited to + 1%
per photon, the OAM per photon is theoretically unbounded. Such properties make OV beams
an ideal carrier for high-capacity wireless communications [1, 2]. In addition to optical
communication, OV beams have important applications in manipulating nanoparticles [3],
high-security encryption [4], assembly of DNA biomolecules [5], quantum optics [6], and
diffraction limit imaging [7]. In conventional optical systems, spiral phase plates [8, 9],
q-waveplates [10], pitch-fork holograms [11] and spatial light modulators [12] are used to
generate helical wavefronts of OV beams. For most applications, the generated vortex beam also
needs to be focused by a lens to increase the light intensity. However, the bulky and high cost of
such optical systems severely hinders the development of integrated focused optical vortex
(FOV) generators.
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Metasurfaces are two-dimensional metamaterials that possess
powerful light modulation capabilities and can manipulate the
phase, amplitude, and polarization of light locally, making them
highly promising as a powerful platform for integrated optics. To
date, a wide range of metasurfaces with sophisticated features
have been demonstrated, such as beam deflector [13], metalens
[14-20], cloak [21-23], polarizer [24], information encryption
[25-29], analog  computation [30-32], metasurface
interferometry [33], and meta-holograms [34], covering a wide
spectrum from visible to terahertz frequencies. Yu [35] et al. were
the first to demonstrate the generation of OV beams via a
metasurface consisting of a V-shaped plasmonic antenna.
Owing to the intrinsic absorption loss of metals in the visible
region, the efficiency of such metasurfaces is highly limited. To
overcome this, all-dielectric metasurfaces composed of high-
refractive-index materials have been proposed to achieve high
efficiency in generating OV beams [36, 37]. Zhan [38] et al.
proposed an OV generator based on a silicon nitride metasurface
with an efficiency much higher than its plasmonic counterparts.
By superimposing hyperbolic and helical phase profiles, Tang
[39] further reduced the bulk of the optical system by generating
FOV beams using only a single metasurface. Sroor et al. [40]
integrated the metasurface into the laser cavity, which increased
the mode purity of the generated OV beam to 92%. Although a
wide variety of FOV generator metasurfaces have been developed,
most of them are monochromatic. Considering the needs of
practical applications, it is clear that broadband achromatic
FOV generators are more desirable owing to their powerful
functionalities. Recently, Ou et al. [41, 42] proposed a
broadband achromatic FOV generator based on silicon
metasurface in the mid-infrared region. However, such silicon
metasurfaces are highly sensitive to the state of polarization
(SOP) of incident light. The longwave infrared (LWIR)
corresponds to an atmospheric transparent window, which
makes it an ideal spectrum for optical wireless
communications. However, to the best of our knowledge, no
achromatic flat FOV generator for LWIR has been reported
thus far.

In this study, we demonstrate a general method to
achromatically generate FOV beams via a single germanium
metasurface with high efficiency and high mode purity in the
LWIR band. It should be noted that our metasurface is
polarization-insensitive and can transform plane waves with
arbitrary SOP to FOV with an arbitrary OAM state. The
proposed metasurface is composed of anisotropic
nanostructures, and each nanostructure behaves as a quasi-
ideal half-wave plate that flips the chirality of the incident
circularly polarized (CP) light. A polarization-insensitive
geometric phase is imparted on the metasurface by limiting
the rotation angle of each nanostructure to 0° or 90° [43]. The
anisotropic geometry also allows us to finely regulate the
dispersion of the dynamic phase [44, 45]. By combining the
polarization-insensitive geometric phase and dispersion-
engineered dynamic phase, the desired group delay and
phase profile are simultaneously imparted on the
metasurface, resulting in good polarization insensitivity and
achromatic performance.

Achromatic Polarization-Insensitive FOV Metasurface

To validate our method, we designed and simulated two
broadband achromatic flat-FOV generators. The two FOV
generators have the same diameter of 200 um, the same focal
length of 300 um, and different topological charge numbers
(¢ =0 for metasurface | and € = -2 for metasurface Il). The
metasurface with £ = 0 behaves as a metalens. The metalens has
a stable focus from 9.6 to 11.6 pm, and the relative focal shift is less
than 4%, which indicates good achromatic performance. The
average focusing efficiency under right-handed circularly
polarized (RCP) incidence, left-hand circularly polarized (LCP)
incidence, and linear polarized incidence along the x-axis (XLP)
were 44%, 43%, and 45%, respectively, which confirms polarization-
insensitive performance. Further analysis of the Strehl ratio indicates
that the metalens show broadband diffraction-limited focusing
ability. The metasurface with £ =-2 shows a donut-shaped
intensity profile and spiral-shaped phase profile from 9.6 to
11.6 um, indicating the existence of OV at the origin in the
broadband. The average efficiency of the FOV generator was 34%
under RCP, LCP, and XLP incidence, which confirms polarization-
insensitive functionality. The average modal purity of the desired
OAM eigenstate mode under RCP, LCP, and XLP incidence were
95.5%, 95.3%, and 92.9%, respectively. The high modal purity shows
that the FOV beams are of good quality, which indicates that the
FOV generator is both achromatic and polarization insensitive. We
believe that our results represent a substantial advance and would
pave the way for applications such as chip-scale optical
communication.

MATERIALS AND METHODS

For most applications, intrinsic divergence of the OV beam is not
preferred, and lenses are used to control the beam radius and
increase the light intensity. The functionality of generating and
focusing OV beams can be integrated on a single metasurface by
superimposing radially hyperbolic and azimuthally linear phase
profiles as follows:

(p:_%(\/m—f)we (1)

Where w is the angular frequency, c is the speed of light in
vacuum, r is the radial coordinate, 8 is the azimuthal coordinate,
f is the constant focal length, and ¢ is the topological charge.
Formula [1] can be Taylor expanded around the design frequency
as follows:

aZ
(w—wg) + aT:g -

9%
0wl w=ay

¢(r,0,w) = @(r,0,wq) + (0 - wy)*

+...
(2)

where ¢(r, 0, wg), g—f)l w=w,» and SZT(’Z’I w=w, are the phase, group delay,
and group delay dispersion that should be satisfied at the
corresponding polar coordinates (r, ) at the design frequency
wg, respectively. It is very difficult to satisfy all derivatives in
Formula [2] for the selected nanostructures at every coordinate
on the metasurface. To achieve achromatic dispersion, a simple
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FIGURE 1 | Schematic of the flat FOV generator. (A) Schematic of the metasurface consisting of anisotropic nanostructures for generating FOV beams with
arbitrary SOP. (B) Schematic illustration of HOP,,. OV beams with any scalar SOP can be obtained by superimposing the SOP corresponding to the north and south
poles on the HOP sphere. (C) Spin-orbit angular momentum conversion when light passes through the proposed metasurface.

and intuitive approach is to let group delay dispersion and other

higher-order derivative terms be zero; thus, the phase is linearly

related to the frequency at each coordinate. In this case, the

condition for achieving achromatism is simplified as follows:
d9

aww:wd:_%(\/m_f) ®
o (r,0,wy) = —%(ﬂr2+f2—f>+€9 (4)

Formula [3] and Formula [4] show the group delay condition
and phase condition, respectively, that need to be fulfilled by the
achromatic FOV generator.

To precisely modulate the dispersion of meta-atoms, anisotropic
nanopillar combinations were chosen as the archetypes of the meta-
atom, as shown in the inset of Figure 2A. Moreover, each
nanostructure on the metasurface is designed to be a miniature
half-wave plate, which can flip the chirality of the incident CP wave.
When RCP light is incident from the substrate, the metasurface
converts it into an LCP converged vortex beam with a topological
charge of € and vice versa, as shown in Figure 1C. This process is
called spin-orbit angular conversion [46] and can be represented by
Jones calculus as follows:

€Xp (i§01€ns)|L, €> = []meta] |R> (5)

eXP(i%em)IR, € = [Jmetal|ILY (6)

where [Jieta] is the Jones matrix of the metasurface, ¢, =
— (\r’E+ fZ — f) is the phase profile of a planar lens, |R)
and |L) are the RCP and LCP bases, respectively. |L,€) and
|R, &) are the orthonormal high-order circular polarization basis
[47], which can be expressed as

IL, &) = exp (i€6) (% - iy) / V2 7)
IR, €) = exp (i€6) (% + i)/ V2 (8)

For incident light with a more general SOP
E" =y, |L) + y4IR), the corresponding outgoing light after
passing through the metasurface can be expressed as

Eout = exp (i(Plens) [WR'L’ €> + l//L|R’ €>] (9)

The SOP corresponding to any point on the high-order
Poincaré sphere (HOP) can be decomposed into a linear
combination of the SOP corresponding to the north and south
poles, as shown in Figure 1B. For all possible scalar SOPs of the
vortex beam, we can find the corresponding points on the
corresponding HOP;,; thus, Formula [9] shows that our
method can generate an FOV with an arbitrary
homogeneous SOP.
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In addition, the Jones matrix of the metasurface can be
expressed as

[]metu] = &Xp (i(Plens) exp(156)|: é —01 :| (10)

Formula [10] implies that a metasurface with only one
wavelength thickness integrates the functions of a half-wave
plate, spiral phase plate, and lens. Considering that the
metasurface also has the ability to eliminate chromatic
aberration, we can see that the entire optical system is highly
integrated.

Although it is counterintuitive to utilize anisotropic
nanostructures to form polarization-insensitive metasurfaces,
this can be understood in terms of the geometric phase. For
the anisotropic meta-atom shown in Figure 2A, its transmittance
properties after a rotation angle « can be described by the Jones
matrix as follows:

out __ T tl
E™* =R(a) -
t

0 .
]-R(oc)-E’"

1 . 1 .
=3 (ty+t)- E™+ 3 (t; —t;) - (exp(i2a) - o + exp( —i2a) - 1) - E”
(11)

cosa sina

where R (a) = [ —sina cos«

] is the rotation matrix, and ¢; and

ts are the complex transmission coefficients for light polarized
along the long and short axes of the meta-atom, respectively. ox =

: [ _li __i ] and 6y, =3 [ 1 _11 ] are chirality flip operators, and
when the incident light is RCP or LCP, there exists dg - |R) =
0(orar-|LYy =0)and 6g - |[LY = |R) (oray - |R) = |L)). It can be
observed from Formula [11] that under CP illumination, the first
part represents the co-polarized component which causes
unwanted scattering and can be minimized when the meta-
atom is designed to be a half-wave plate, and the second part
represents the cross-polarized component whose phase can be
decomposed into two parts: the dynamic phase ¢, = arg(t; - t)
and the geometric phase 2« (for LCP incident light) and —2« (for
RCP incident light). Generally, the geometric phase is
dispersionless and polarization-sensitive, since it is only
dependent on the rotation angle, and it is different for RCP
and LCP light incidence. However, if the rotation angle is limited
to 0° or 90°, the geometric phases of the RCP and LCP incident
light will be identical, as illustrated in Figure 2C. Therefore, both
the RCP and LCP incident light will experience the same phase
profile imparted by the metasurface. Because any incident light
can be decomposed into a combination of RCP and LCP, this
property implies that the metasurface is polarization-insensitive.

The properties of meta-atoms are also fundamentally
determined by the constituent materials. Due to mature
fabrication methods, silicon is widely used as the base material
for metasurfaces. However, in the LWIR band, germanium has
smaller absorption and higher refractive index than silicon, so the
nanostructures composed of germanium materials can modulate
light more efficiently. Therefore, germanium was selected as the

Achromatic Polarization-Insensitive FOV Metasurface

constituent material for the meta-atom. Currently, it is still very
challenging to deposit tens of microns of germanium on other
materials due to material stress, so we also chose germanium as a
substrate material so that in the future, we can inexpensively
process metasurfaces on a single germanium wafer. We built up a
meta-atoms library, and there were multiple mutually parallel
nanopillars in a single meta-atom. Figure 2A shows the case of
two nanopillars in one meta-atom, and a detailed discussion on
the meta-atoms library is included in Supplementary Material.
The nanopillars in every unit cell have the same height H= 10 um
and the same gap g = 0.5 um, and the finest structure size is forced
to be larger than 1 um. The lattice constant P of the unit cell was
chosen to be 6.2 um to satisfy both the Nyquist law and the
requirement to suppress higher-order diffraction [48].

To obtain the phase spectrum of each nanostructure, we
conducted simulations using a finite-difference time-domain
(FDTD) solver from Lumerical [49]. Periodic conditions were
applied in the transverse direction, and the perfect matched layer
(PML) condition was applied in the longitudinal direction with
respect to the propagation of light, and CP illumination was
applied from the substrate. After obtaining the phase spectra of all
meta-atoms, we screened the meta-atoms suitable for constituting
the achromatic FOV metasurface according to Formula [2]. We
used a homemade linear regression program to screen the meta-
atoms in the library, with an R-squared number greater than 0.98
and an avaverage conversion efficiency greater than 80%. The
phase spectra and conversion efficiency spectra of the five meta-
atoms meeting the above screening conditions are shown in
Figure 2B,C. As shown in Figure 2E, nanostructure rotation
does not affect the dispersion (group delay) of meta-atoms, but
nanostructures with 0° and 90° rotation angles have a phase
difference of 7, which enriches the number of combinations of
phase and group delays that can be implemented in our library,
allowing us to meet the requirements of more achromatic FOV
metasurface designs.

RESULTS

Polarization-Insensitive and Achromatic

Metalens

When the topological charge € of the FOV beam is 0, which is
considered as a special case, there is no helical component in the
phase profile, as indicated in Formula [1], and the flat FOV
generator behaves as a metalens.

To validate our method, we designed and simulated an
achromatic metalens with a diameter of 200um and a
numerical aperture (NA) of 0.32. We calculated the phase
distribution and group delay distribution required for the
achromatic metalens according to Formula [3] and Formula
[4], respectively. We then discretized the required phase
profile and group delay profile and selected the meta-atom in
the library that best matched the required phase and group delay
pairs, as shown in Figures 3B,C. Figure 3A shows the layout of a
quarter of the designed metalens. Figure 4A shows the simulated
intensity profile in the x-z plane under RCP, LCP, and XLP
illumination. The metalens can focus light over a wide range of
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FIGURE 2 | Numerical results of the meta-atoms. (A) Schematic of the five selected meta-atoms. (B,C) Phase and polarization conversion efficiency of the five
selected meta-atoms. The five meta-atoms with different geometrical dimensions satisfy the screening conditions mentioned in the text, i.e. linear phase versus
frequency and high polarization conversion efficiency within the designed bandwidth, but different group delays (the slope of phase with respect to the frequency). Each
color curve corresponds to a meta-atom in the same colored box in (A). The parameters in the colored boxes correspond to the geometric parameters (11, w1, 12,

w2) of the nanopillars shown in the inset of (B) in microns, and the gap between nanopillars is g = 0.5 pm. (D) Geometric phase with respect to rotation angle for the same
meta-atom under LCP and RCP incidence. The meta-atom has the same geometrical parameters as that in the yellow box in (A). (E) The phase and group delay for all
meta-atoms in the library. Each meta-atom is represented by a blue and red point in the plot because a 90° rotation can impart a phase change of nwithout changing the
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wavelengths, and the focal point does not shift with wavelength,
indicating good achromatic performance. The metalens has the
same intensity profile under three polarized incidences, which
indicates good polarization insensitivity performance. We
extracted the focal length of the metalens at the selected
wavelengths by analyzing the intensity distribution in the x-z
plane, where the focal point is defined as the position
corresponding to the maximum intensity on the z-axis.
Figure 5A shows the relative focal shift of the metalens, and
the relative focal shift is defined as A f = f_—{" x 100%, where f is
the focal length at the designed wavelength (A = 10.6pm), and f is
the focal length at the sampled wavelength. The relative shift of

the focal length was less than 4% over the entire broadband range,
confirming the excellent achromatic properties of our metalens.

Figure 4B shows the point spread function (PSF) of the metalens
in the focal plane under RCP, LCP, and XLP illumination. The
symmetric focal spot was clear, and no focal spot diffusion caused by
defocusing and spherical aberration was evident at any wavelength
[50]. Based on the intensity distribution in the focal plane, we
extracted some metrics to quantify the performance of the
metalens, such as full width half maximum (FWHM), Strehl ratio,
and efficiency. Figure 5C shows the FWHM of the metalens, where
the black dashed line indicates the FWHM corresponding to the ideal
Airy disk. Figure 5D shows the Strehl ratio of the metalens. The
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Strehl ratio is defined as in Ref. [51], and the black dashed line in
Figure 5D indicates the diffraction limit criterion referred to by
Marehal. From the FWHM and Strehl ratio, we can conclude that our
metalens is capable of diffraction-limited focusing in the continuous
wavelength band. Figure 5B illustrates the efficiency of the metalens,
which is defined as the power in the focal spot (circles of radius three
times the FWHM spanning the center of the focal spot) compared to
the power of the incident light. The efficiency of the metalens is
highest around the design wavelength A = 10.6um, and the decrease
in efficiency at other wavelengths is mainly due to the decrease in
polarization conversion efficiency of the selected meta-atoms. The
average efficiency of the metalens under RCP, LCP, and XLP
incidence were 44%, 43%, and 45%, respectively. It should be
emphasized that these efficiency values already exceed that of the
previously reported monochromatic metalens in LWIR [52]. It
should be noted that the average efficiency of the metalens is
much lower than the polarization conversion efficiency shown in
Figure 2C. This is mainly because the polarization conversion
efficiency reflects the proportion of transmitted light that is
focused to the focal point without considering the reflected light.
We believe that achromatic metalens will pave the way for broad
applications in LWIR, such as thermal imaging and wireless
communications.

Polarization-Insensitive and Achromatic
FOV Generator

We designed and simulated an FOV generator based on the
method proposed above. The FOV generator has a diameter of
200 um, focal length of 300 pm, design wavelength of 10.6 pm,
topological number of -2, and design operating bandwidth of
2 um. Figure 6A shows the layout of the metasurface, which
consists of mutually parallel or perpendicular nanopillars

arranged in a square lattice. The design process of the FOV
generator was the same as that of the metalens. First, we
calculated the desired phase and group delay profiles using
Formula [2] and Formula [3]. Then, we discretized the group
delay and phase profiles according to the lattice constant and
selected a meta-atom at each coordinate that provided the best
match to the desired group delay and phase pair in the library.
Figures 6B,C illustrate the group delay and phase required for the
ideal achromatic FOV generator, as well as the group delay and
phase that can be realized by the metasurface. The required group
delay and phase exhibit small inconsistencies with the
realized ones.

Figure 7A shows the intensity distribution in the x-z plane for the
FOV generator under LCP, RCP, and XLP illumination. The focal
length of the FOV generator is constant at all selected wavelengths,
which indicates that the FOV generator has good achromatic
performance, and a similar intensity distribution under LCP,
RCP, and XLP incidence confirms that the FOV generator is
polarization-insensitive. Figure 7B shows the intensity and phase
distributions of the FOV generator in the focal plane. The donut-
shaped intensity distribution and the spiral-shaped phase
distribution are clear in the focal plane, both of which confirm
the existence of OV at the origin. The phase distribution confirms
that the transmitted beams carry an OAM of —27 according to the
branches stemming from the origin.

Figure 8D shows the efficiency of the FOV generator.
Efficiency is defined as the power inside the donut ring
divided by the power of the incident light, which can be
expressed as follows:

L[ (E,-H, ~E, - H,)drdf

2Jo Jro-Ar
Pin

n= (12)
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FIGURE 4 | Intensity distribution of the broadband achromatic metalens. (A) Intensity profiles in the x-z plane at selected wavelengths. From left to right, each
column corresponds to LCP incidence, RCP incidence, and XLP incidence. (B) Intensity distribution at the focal plane at selected wavelengths. From top to bottom, each
column corresponds to LCP incidence, RCP incidence, and XLP incidence. Scale bar is 10 um.
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where rq is the radial coordinate corresponding to the peak
intensity, and Ar is the FWHM of the intensity profile. The
average efficiency of the FOV was 34% for RCP, LCP, and XLP
incidence, as shown in Figure 8D.

To quantitatively describe the modal purity of the OV beams,
we performed a modal decomposition analysis of the phase in the
focal plane [53]. The Fourier relationship between the OAM
mode and the phase distribution can be expressed as

_ 1 o —it0
P(0) =) A€ (14)

where ¢ (0) is the phase distribution of the circle corresponding to
the intensity maximum in the focal plane, and e’ is the harmonic
related to the OAM eigenstate. Figures 8A-C show the OAM

spectra of the FOV under LCP, RCP, and XLP incidence,
respectively. The average purity of the modes corresponding to
OAM = -2 is 95.5%, 95.3%, and 92.9% for LCP, RCP, and XLP
incidence, respectively. The high percentage of the desired mode
indicates that our FOV generator can substantially preserve the
mode crosstalk at a relatively low level.

DISCUSSION

We proposed a general method to implement a metasurface for
generating FOV beams with arbitrary scalar SOPs in a broad
continuous wavelength range. Although the proposed FOV
generator works in the LWIR band, this design principle can
be applied to arbitrary regions of the electromagnetic spectrum.

The average efficiency of the metasurfaces demonstrated in the
main text is approximately 44% (metasurface | with £ = 0) and 34%
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(metasurface 1l with € =-2), respectively. The efficiency of
metasurface |l is lower than that of metasurface | because the
phase distribution of metasurface Il is not rotationally symmetric,
while the phase distribution of metasurface | is rotationally
symmetric. Therefore, it is more difficult to satisfy both the phase

and group delay conditions for metasurface I, which eventually leads
to the selection of meta-atoms with low conversion efficiency.
Considering that the germanium-air interface causes a reflection
loss of 36%, the efficiency of the metasurface can be further enhanced
by replacing the substrate with a low-refractive-index material. For
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TABLE 1 | Comparison between this work and previously reported flat FOV generators.

Ref Bandwidth Relative bandwidth Materials Polarization Efficiency Mode purity
[55] 780 nm N/A Gold Circular ~1% N/A

[56] 455 nm; 540 nm N/A Titanium Dioxide Insensitive ~34% N/A

[38] 633 nm N/A Silicon Nitride Insensitive ~10% N/A

[57] 0.695 THz N/A Silicon Circular ~28% N/A

[58] 9-11 GHz 20% Copper Circular ~80% ~90%
[42] 3.5-56um 35.3% Silicon Linear N/A N/A

This work 9.6-11.6 pm 18.9% Germanium Insensitive ~34% ~92.9%

example, by replacing the substrate with zinc sulfide (n = 2.2), the
reflection loss at the interface will be reduced to 14%, which means
that in this case, the efficiencies of metasurfaces | and Il can reach
59% and 46%, respectively. Another factor limiting the efficiency of
our metasurface is that the polarization conversion efficiency cannot
maintain high values over a wide bandwidth, as shown in Figure2C.  reported works, our metasurfaces have the advantage of

This can be solved by using a three-dimensional structure such asa ~ broadband achromatic, high mode purity and polarization
stacked cross to form a broadband achromatic half-wave plate [54].  insensitivity.

It should be noted that our results are based on simulations, and the
dimensional errors in the samples during fabricating can lead to
lower measured efficiency and mode purity than simulated results.

A comparison between this study and previously reported flat
FOV generators is presented in Table 1. Compared to previously
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CONCLUSION

In summary, we theoretically proposed two broadband
achromatic polarization-insensitive FOV generators in the
LWIR range based on an all-germanium metasurface.
Metasurface | with £ = 0 shows broadband achromatic
diffraction-limited focusing ability with an average efficiency
of 44%. Metasurface |l with € = -2 can achromatically
transform a planewave with an arbitrary SOP to a high-purity
FOV beam with an average efficiency of 34%. We believe that the
metasurfaces demonstrated here will pave the way for a broad
range of applications, such as chip-scale optical communication
and quantum optics.
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