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Abstract: Generating 2D diffraction orders with uniform or
tailored intensity distribution is highly desired for various
applications including depth perception, parallel laser fab-
rication and optical tweezer. However, previous strategies
lack the abilities to tailor multiple parameters of output
light in different diffraction orders simultaneously. While
such ability plays an important role in achieving various
different functionalities parallelly. Here, we demonstrate a
method for encoding arbitrary phase profiles to different
diffraction orders with controllable polarization states by
applying double-phase method into elaborately designed
metasurface. Sixteen independent holograms that gener-
ated by GS algorithm are successfully encoded into 4 X 4
uniformly distributed diffraction orders. Hence, the prede-
fined holographic images can be observed at the Fourier
plane. Meanwhile, the corresponding polarization states of
different orders are manipulated according to their Fourier
coefficients. For verifying the polarization state of each holo-
graphic image, we calculate the Stokes parameter of each
order from measured intensity distributions in the exper-
iment. The proposed method provides an effective way
to tailor multiple properties of output diffraction orders.
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Meanwhile, it may promote the realization of achieving var-
ious functionalities parallelly such as spectral-polarization
imaging or phase-polarization detection and enhance the
capabilities of optical communication systems.
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1 Introduction

Diffraction gratings provide an effective approach to manip-
ulate the propagation direction or energy distribution of
diffraction orders by adjusting the topography, grating
period as well as duty cycle. They are crucial optical ele-
ments for various applications including optical commu-
nication, spectrometer, polarimeter and so on [1-3]. For
obtaining 1D or 2D diffraction orders with uniform or tai-
lored amplitude distributions, Dammann gratings provide
a flexible approach to realize such parallel beam modula-
tion. In each period of Dammann gratings, the phase profile
can be optimized based on different optimization methods
(genetic algorithm, simulated annealing algorithm or gra-
dient descent optimization) with the assistant of predefin-
ing property evaluation functions [4-7]. The generations of
multiple diffraction orders with high uniformity are highly
desired for achieving depth perception, parallel laser fab-
rication and optical tweezer [8-10]. Furthermore, gener-
alized phase functions including lens factor, spiral phase
profile, axicon phase profile and cube phase profile can
be encoded to the Dammann gratings. Therefore, multiple
focal points [11], vortex beams array [12—14], Bessel beams
array [15, 16], as well as Airy beams array [17, 18], with high
uniformity can be realized. In these demonstrated strate-
gies, the calculated phase profiles usually encoded to the
same polarization channel of single device which lead to
all the diffraction orders exhibit homogeneous polarization
distribution. Meanwhile, the phase profiles that encoded to
different diffraction orders are always identical which hin-
der such gratings to achieve various different functionalities
parallelly.

In recent years, the ultrathin metasurfaces that com-
posed of artificially designed meta-atoms have represented
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unprecedented abilities for tailoring multiple fundamental
properties of light such as amplitude [19, 20], phase [21, 22],
polarization [23-27], orbital angular momentum (OAM)
[28, 29], etc. Such powerful functionalities are primarily
attributed to the various design freedoms of composed
meta-atoms as well as different wavefront modulation
mechanisms. Especially, the multi-dimensional wavefront
modulation empowered by metasurfaces in favour of real-
izing beam shaping and diffraction orders modulations.
Dielectric metasurface with the capability of generating
full-space cloud of Random points is demonstrated which
pave the way to realize depth perception-related appli-
cations in compact optical systems [30]. More than 4044
random spots are observed with the lightweight and flexi-
ble designed metasurface. Based on the reciprocal process
of the propagating beams, a metasurface chip is demon-
strated for diffracting the incident beam into five beams
with predefined directions and identical polarization states
for cold atom trapping [31]. Such design strategy provides
an alternative way to replace the conventional bulky optical
elements used to produce a cold atomic ensemble. Further-
more, arbitrary and parallel polarization responses can be
implemented to different output diffraction orders based on
matrix Fourier optics method which leading to the realiza-
tion of a compact full-Stokes polarization camera [32]. In
addition, a supercell metasurface is proposed for achiev-
ing multiple independent optical functionalities at arbitrary
large deflection angles with high efficiency by considering
the non-local interactions due to optical coupling between
neighbor meta-atoms [33]. Based on the versatile platform
provided by the metasurfaces, some methods have demon-
strated for tailoring the amplitude, the encoded phase pro-
files or polarization states of different diffraction orders.
Nevertheless, the simultaneous modulations of multiple
parameters of output diffraction orders are seldom investi-
gated [34]. The ignored part may promote the advancement
of achieving various different functionalities parallelly
within single-layer metasurfaces.

Here, we demonstrate a method for encoding 4 X 4
independent holograms to different diffraction orders with
controllable polarization states based on double-phase
method with the assistance of an elaborated designed
dielectric metasurface. Hence, different holographic images
are successfully obtained at the predefined positions. The
polarization states of each diffraction orders are deter-
mined by their Fourier coefficients. In the experiment,
we calculate the Stokes parameter of different diffraction
orders based on the captured intensity distribution under
different configurations of a polarizer and a quarter wave-
plate. The calculated result is consistent with the theoretical
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expectation and successfully verify the polarization states
of different orders. The demonstrated method provides
an effective way to modulate multiple properties of out-
put diffraction orders simultaneously. It may also promote
the realization of various functionalities parallelly such as
spectral-polarization imaging or phase-polarization detec-
tion and enhance the capabilities of optical communication
systems.

2 Results

The schematic illustration of our demonstrated method for
encoding arbitrary phase profiles to different diffraction
orders with controllable polarization states is depicted in
Figure 1. Firstly, sixteen capitalized alphabets (from A to P)
are chosen as the original images and the corresponding
holograms are calculated by traditional GS algorithm, sep-
arately. Then, we successfully encode such independent
holograms to 4 X 4 uniformly distributed diffraction orders
based on double-phase method with an elaborated designed
dielectric metasurface. Hence, the predefined sixteen holo-
graphic images can be obtained at the Fourier plane. The
polarization states of the acquired holographic images are
represented by the colourful spheres that located at the
equator of the Poincaré sphere with equal intervals. All the
holographic images exhibit linearly polarized states with
gradually changed orientation directions. Noted that the tai-
lored polarization states are not limited to linear polariza-
tion states in our scheme. Circular and elliptical polarization

states are also effective.
The transmission function of a grating with 2D output
diffraction orders can be expressed as follow:
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where D, and D, indicate the grating period in x- and
y-direction and set as 9 pm in our scheme. The suitable
super-period is selected in favour of capturing the output
4 % 4 uniformly distributed diffraction orders by using an
objective lens with moderate numerical aperture. The m
and n are used to represent the diffraction order (m, n)
and set as —3, —1, +1 and +3 in our scheme. The hologram
@y, refers the encoded phase profile into (m, n) order.
Meanwhile, the c,,, , and ¢, , are the Fourier coefficients
of the (m, n) order which can be represented by a Jones
vector [Cmn_x, cmn_y]T. Hence, the polarization state of each
diffraction order is completely determined by its Fourier
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Figure 1: Schematic illustration of a dielectric metasurface with the capability of modulating multiple parameters of 2D diffraction orders
simultaneously. Sixteen independent holograms are encoded to 4 X 4 uniformly distributed diffraction orders with controllable polarization states. All
the holographic images exhibit linearly polarized states with different orientations that represented by the arrows with different colors. Meanwhile,
the polarization states are also represented by the colorful spheres that located at the equator of the Poincaré sphere with equal intervals.

coefficients. For the convenience of experiment verification,
the polarization state of each order is set as linear polariza-
tion state with specific orientation angle which can be rep-
resented by [c0s(6,,,), sin(d,,)] "(0,,,, is in the range of — /2
to z/2 with equal interval). Arbitrary polarization manipu-
lation is commonly realized by superimposing two orthog-
onal polarization components with tailored amplitude ratio
and phase delay. Such superimposing process is still needed
for manipulating the polarization state of each diffraction
order and can be realized by encoding the calculated com-
plex amplitude distribution T}, and T , to the orthogonal
polarization channels of a single device (more details are
provided in Section A in our Supporting Information).
Metasurfaces provide a versatile platform for manip-
ulating the wavefront of output light and have the
capabilities of achieving desired Jones matrices [35-37].
Especially, they exhibit superior performances in polariza-
tion modulation compare to traditional optical devices such
as spatial light modulator (SLM) [38, 39]. Based on double-
phase method, the complex amplitude modulations of two

orthogonal polarization channels can be expressed by the
sum of two unitary matrices T; and T, [40]:

T @, e 0
i
0 a,,e

1 ei(p}(x 0 1 ei(p)z(x 0
B 2[ 0 e | T2| 0 e @

In Eq. (2), the ¢} = @;+cos7(a;) and ¢@?% = @; —
cos~Y(a;) (ii = xx or yy) represent the phase items of ¢,
and t,, polarization channels in T; and T,. Meanwhile,
the diagonal and unitary matrix T; and T, can be easily
realized by the lossless nanofin. As shown in Figure 2(a),
we adopt the 2 X 2 amorphous silicon (a-Si) nanofins that
set on a quartz substrate as the supercell to constitute our
designed metasurface. Due to the form birefringence phe-
nomenon of single a-Si nanofin, arbitrary phase delays can
be imposed on the orthogonal polarization channels if the
size of nanofin can be chosen freely. Hence, a 2D parame-
ter optimization is carried out based on rigorous coupled
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Figure 2: Simulated results of single nanofin. (a) The illustration of the supercell to constitute the demonstrated metasurface. Each supercell consists
of 2 X 2 a-Si nanofins that set on a quartz substrate. The height of naonfin is 600 nm. And the period of the supercell is 900 nm. (b)-(e) Simulated
amplitude (abs(t,,), abs(t,,)) and phase (@,, @,) of the transmission coefficients ¢,, and ¢,, by sweeping the length L and width W of single nanofin in

the range of 60 nm-380 nm with an interval of 5 nm.

wave analysis (RCWA) method by sweeping the length L and
width W in the range of 60 nm-380 nm with an interval
of 5nm. In the optimization, the working wavelength is
fixed at 800 nm and the corresponding refractive index of
amorphous silicon and substrate are set as ng; = 3.802 and
Ny, = 1.5, respectively. The height H of naonfin is chosen
as 600 nm in order to guarantee the imposed phase delays
on orthogonal polarization channels can cover 0 to 2z. And
the period P is set as 450 nm for alleviating neighbour cou-
pling effect. The amplitude (abs(t,,), abs(t,,)) and phase (¢,,
@,) of the simulated transmission coefficients ¢,, and t,,
are shown in Figure 2(b)-(d). In each supercell, the sizes
of the nanofins that located at diagonal and anti-diagonal
positions are determined by guaranteeing the minimum of
the error & = abs(t, — exp(igy,)) + abs(t,, — exp(ip},))
(ii = 1, 2). Therefore, the demonstrated supercell can be
utilized to encode the normalized complex amplitude dis-
tributions T}, , and T}, ,, to orthogonal polarization channels
of the metasurface, simultaneously.

For the purpose of experimental verification, we fab-
ricate the demonstrated metasurface on top of a fused

quartz substrate by using electron beam lithography (EBL)
method. The scanning electron microscopy images of the
fabricated metasurface from top view and side view are
shown in Figure 3(a) and (b). The fabricated metausfrace
consists of 1000 X 1000 super-cells and its total dimension
is 900 pm X 900 pm. The experimental setup utilized for
capturing the images that located at the Fourier plane is
shown in Figure 3(c). A linear polarizer LP1 and a half-wave
plate HWP are used together to manipulate the polarization
state of incident light that illuminating on the metasur-
face. An objective lens with appropriate numerical aperture
(40%/NA = 0.55) is utilized to collect the diffracted light from
the metasurface. A charge coupled device camera (CCD) is
placed at the back focal plane of alens (f =100 mm) in order
to capture the reconstructed images. For measuring the
Stokes parameters S, S; and S, of the reconstructed images,
another linear polarizer LP2 that used as a polarization
analyzer is placed behind the metasurface. And the Stokes
parameter S, is obtained based on the configuration of LP2
as well as a quarter-wave plate (not shown in Figure 3(c)).
When 45° linearly polarized light illuminating on
the fabricated metasurface, 4 X 4 uniformly distributed
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Figure 3: Sample fabrication and experimental setup. (a) and (b) The scanning electron microscopy images of our fabricated metasurface from top
and side view. The metasurface is composed of 1000 X 1000 supercells. (c) The experimental setup for capturing the reconstructed holographic images

at the Fourier plane.

diffraction orders can be observed. For the diffraction order
(m, n), it carries independent phase profile ;¥ with con-
trollable polarization state. Thus, such functionality will
enable the reconstruction of 4 X 4 holographic images with
distinct vectorial features. The corresponding simulated
and experimental results are illustrated in Figure 4(a)-(j).
Sixteen capitalized alphabets (from A to P) are successfully
captured at the predefined diffraction orders. Meanwhile,
the polarization analyzer LP2 is utilized to distinguish the
inhomogeneous polarization states. By successively rotating
the transmission axis of LP2 to 0°,45°, 90° and 135°, expected
extinct phenomena are observed due to Malus’s law (more
details are provided in video S1). Such phenomena are con-
sistent with the simulated results. Noted that the multiple
parameters of (0, 0) diffraction order can also be modulated.
However, the generated hologram is not encoded to (0, 0)
order in our current scheme. And we purposely manipulate

the energy distribution in the desired diffraction orders
while suppress all the unwanted orders. Therefore, the
calculated zero-order diffraction is relatively weak. In the
experiment, the zero-order diffraction as well as the back-
ground noises are slightly obvious. The zero-order with-
out modulation is mainly caused by the incident light that
transmits directly through the metasurface. Meanwhile, the
fabrication error as well as the coupling between nanofins
in each unit-cell also lead to the deviations of obatined com-
plex amplitude distributions (T}, , and T} ) to the desired
one. These reasons will cause the appearances of zero-order
and the background noises.

For determining the exact polarization states of the
reconstructed images, we acquire the Stokes parameters at
each pixel of the Fourier plane by measuring the intensity
distributions under different configurations of polarization
analyzers based on Eq. (3).
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Figure 4: Simulated and experimental results of the reconstructed images. (a)-(j) Simulated and experimental results of the reconstructed
holographic images in different diffraction orders that located at the Fourier plane. The red and blue arrows indicate the polarizations of incident and
output light. The theoretical polarization states of the reconstructed images (from A to P) are represented in the bottom panel.
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The intensity distributions I, I,5, I, and I35 are cap-
tured by rotating the transmission axis of LP2 to spe-
cific orientation angle. Meanwhile, I; and I; refer the
right-handedness and left-handedness circular polarization
components. The simulated and measured major axis orien-
tation y (w = tan=%(S,/S;)/2) of the polarization ellipse at
each pixel of the Fourier plane are shown in Figure 5(a), (b).
For the reconstructed images (from A to P), the correspond-
ing orientations are gradually rotated in the range of —x/2
to z/2. Noted that we only concentrate on the results in the
area of the reconstructed images. The polarization informa-
tion of the background is set transparent. Furthermore, we
represent the simulated and measured Stokes parameters

of the sixteen reconstructed images on a Poincaré sphere as
shown in Figure 5(c)—(d). For each image, the corresponding
Stokes parameter is the average value of the Stokes param-
eter at each pixel of the image area. From the measured
results, we can observe that the polarization states of major-
ity reconstructed images are located around the equator
of the Poincaré sphere which consist with the simulated
results in acceptable deviation. In the experiment, the mea-
sured transmission efficiency of the fabricated metasurface
i5 21.08%. The relative low efficiency is mainly caused by the
complex amplitude modulation of our scheme. This may be
improved by manipulating the Fourier coefficients c,,, , and
Cmn_y With advanced optimized algorithms or deep learning
method and realize the similar functionality based on a
phase-only platform. Furthermore, some discussions about
the maximum diffraction angle of our current scheme are
provided in Section C in our Supporting Information. And
the comparison between our demonstrate scheme with
vectorial holography approaches [41-44] are provided in
Section D in our Supporting Information.
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Figure 5: Polarization information of the reconstructed images. (a) and (b) Simulated and experimental results of the major axis orientation at the
Fourier plane. We only concentrate on the results in the area of the reconstructed images. The polarization information of the background is set
transparent. (c) and (d) Simulated and experimental results of the polarization states of the reconstructed holographic images in different diffraction
orders. The polarization states of the images are represented by the spheres with different colors in a Poincaré sphere.

3 Conclusions

In summary, we have demonstrated a method for simul-
taneously modulating multiple properties of output 2D
diffraction orders based on a dielectric metasurface. We
successfully encode arbitrary phase profiles to 4 X 4 uni-
formly distributed diffraction orders with controllable
polarization states by tailoring the complex amplitude dis-
tributions of the orthogonal polarization channels. There-
fore, sixteen holographic images located at predefined
diffraction orders with distinct vectorial features are real-
ized. Meanwhile, even more display channels with uniform

or tailored amplitude can be achieved by utilizing diffrac-
tion orders. Stokes parameter method is adopted to verify
the polarization states of the reconstructed images. The
measured results are consistent with the simulated results
in acceptable deviations.

For the purpose of alleviating the coupling issue
and improving the performance of reconstructed images,
inverse design method or suitable optimization approaches
are preferred to straightly design the unit-cell with the
capability of modulating the complex amplitude distribu-
tion of two orthogonal polarization channels of output light.
But such method is very time consuming especially for
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metasurface with large arrays. While our demonstrated
method here provides an effective method for modulat-
ing multiple properties of output 2D diffraction orders and
prompt the advancements of realizing various optical func-
tionalities parallelly. Furthermore, it may pave the way to
enhance the capability of optical communication systems by
realizing polarization modulated vortex beams with differ-
ent OAMs in different orders.

Author contributions: L.H. and R.Z. proposed the idea, R.Z.
conducted pattern designs and numerical simulations, R.Z.,
and X.L. conducted the hologram generations, G.G. and J.L.
fabricated the samples, R.Z. performed the measurements,
R.Z. and L.H. prepared the manuscript. L.H. and Y.W. super-
vised the overall projects. All the authors analyzed the data
and discussed the results.

Research funding: The authors acknowledge the fund-
ing provided by the National Key R&D Program of China
(2021YFA1401200), Beijing Outstanding Young Scientist Pro-
gram (BJJWZYJH01201910007022), National Natural Science
Foundation of China (No. U21A20140, No. 92050117) program,
Fok Ying-Tong Education Foundation of China (No. 161009)
and Beijing Municipal Science & Technology Commission,
Administrative Commission of Zhongguancun Science Park
(No. Z211100004821009). This work was supported by the
Synergetic Extreme Condition User Facility (SECUF). The
authors also acknowledge the fabrication and measurement
service in the Analysis & Testing Center, Beijing Institute of
Technology.

Conflict of interests: The authors declare that they have no
conflict of interests.

References

[1] T.Lei, M. Zhang, Y. Li, et al., “Massive individual orbital angular
momentum channels for multiplexing enabled by Dammann
gratings,” Light Sci. Appl., vol. 4, no. 3, p. 257, 2015.

[2] Z.Yang, T. Albrow-Owen, W. Cai, et al., “Miniaturization of
optical spectrometers,” Science, vol. 371, no. 6528, p. eabe0722,
2021.

[3] M.W. Kudenov, M. ]. Escuti, E. L. Dereniak, et al., “White-light
channeled imaging polarimeter using broadband polarization
gratings,” Appl. Opt., vol. 50, no. 15, pp. 2283—2293, 2011.

[4] H.Dammann and K. Gortler, “High-efficiency in-line multiple
imaging by means of multiple phase holograms,” Opt. Commun.,
vol. 3, no. 5, pp. 312—315, 1971.

[5] C.Zhou and L. Liu, “Numerical study of Dammann array
illuminators,” Appl. Opt., vol. 34, no. 26, pp. 5961—5969, 1995.

[6] C.Zhou,].Jia, and L. Liu, “Circular Dammann grating,” Opt. Lett.,
vol. 28, no. 22, pp. 2174—2176, 2003.

[71 P.Chen,S.J. Ge, W. Duan, et al., “Digitalized geometric phases for
parallel optical spin and orbital angular momentum encoding,”
ACS Photonics, vol. 4, no. 6, pp. 1333 —1338, 2017.

DE GRUYTER

[8] Y.Ni,S. Chen, Y. Wang, et al., “Metasurface for structured light
projection over 120 field of view,” Nano Lett., vol. 20, no. 9,
pp. 6719—6724, 2020.

[9] X.Li,Y.Cao, N. Tian, et al., “Multifocal optical nanoscopy for big
data recording at 30 TB capacity and gigabits/second data rate,”
Optica, vol. 2, no. 6, pp. 567—570, 2015.

[10] Y. Shi, Q. Song, L. Toftul, et al., “Optical manipulation with
metamaterial structures,” Appl. Phys. Rev., vol. 9, no. 3, p. 031303,
2022.

[11] 1. Moreno, J. A. Davis, D. M. Cottrell, et al., “Encoding generalized
phase functions on Dammann gratings,” Opt. Lett., vol. 35, no. 10,
pp. 1536—1538, 2010.

[12] S.Fu,T.Wang, S. Zhang, et al., “Integrating 5X 5 Dammann
gratings to detect orbital angular momentum states of beams
with the range of — 24 to + 24,” Appl. Opt., vol. 55, no. 7,
pp. 1514—1517, 2016.

[13] I. Moreno,J. A. Davis, B. M. L. Pascoguin, et al., “Vortex sensing
diffraction gratings,” Opt. Lett., vol. 34, no. 19, pp. 2927 —-2929,
2009.

[14] L.Huang, X. Song, B. Reineke, et al., “Volumetric generation of
optical vortices with metasurfaces,” ACS Photonics, vol. 4, no. 2,
pp. 338—346, 2017.

[15] Z.Lin, X. Li, R. Zhao, et al., “High-efficiency Bessel beam array
generation by Huygens metasurfaces,” Nanophotonics, vol. 8,
no. 6, pp. 1079—1085, 2019,

[16] L.Chen, S. Kanwal, B. Yu, et al., “Generation of high-uniformity and
high-resolution Bessel beam arrays through all-dielectric
metasurfaces,” Nanophotonics, vol. 11, no. 5, pp. 967 —977, 2022.

[17] J. Wen, L. Chen, B. Yu, et al., “All-dielectric synthetic-phase
metasurfaces generating practical airy beams,” ACS Nano, vol. 15,
no. 1, pp. 1030—1038, 2021.

[18] S. Lei, X. Zhang, S. Zhu, et al., “Generation of Airy beam arrays in
real and K spaces based on a dielectric metasurface,” Opt. Express,
vol. 29, no. 12, pp. 18781—-18790, 2021.

[19] K.Huang, H. Liu, F. . Garcia-Vidal, et al., “Ultrahigh-capacity
non-periodic photon sieves operating in visible light,” Nat.
Commun., vol. 6, no. 1, p. 7059, 2015.

[20] Z.Xu, L. Huang, X. Li, et al., “Quantitatively correlated amplitude
holography based on photon sieves,” Adv. Opt. Mater., vol. 8, no. 2,
p. 1901169, 2020.

[21] N.Yu, P. Genevet, M. A. Kats, et al., “Light propagation with phase
discontinuities: generalized laws of reflection and refraction,”
Science, vol. 334, no. 6054, pp. 333—337, 2011.

[22] L.Huang, X. Chen, H. Muhlenbernd, et al., “Dispersionless phase
discontinuities for controlling light propagation,” Nano Lett.,
vol. 12, no. 11, pp. 5750—5755, 2012.

[23] A. Arbabi, Y. Horie, M. Bagheri, et al., “Dielectric metasurfaces for
complete control of phase and polarization with subwavelength
spatial resolution and high transmission,” Nat. Nanotechnol.,
vol. 10, no. 11, pp. 937—943, 2015.

[24] ). B. Mueller, N. A. Rubin, R. C. Devlin, et al., “Metasurface
polarization optics: independent phase control of arbitrary
orthogonal states of polarization,” Phys. Rev. Lett., vol. 118, no. 11,
p. 113901, 2017.

[25] R.Zhao, B. Sain, Q. Wei, et al., “Multichannel vectorial holographic
display and encryption,” Light Sci. Appl., vol. 7, no. 1, p. 95, 2018.

[26] Z.-L.Deng, ). Deng, X. Zhuang, et al., “Diatomic metasurface for
vectorial holography,” Nano Lett., vol. 18, no. 5, pp. 2885—2892,
2018.



DE GRUYTER

[27]

[28]

[29]

[30]

31

B2]

[33]

[34]

[35]

[36]

F. Ding, B. Chang, Q. Wei, et al., “Versatile polarization generation
and manipulation using dielectric metasurfaces,” Laser Photonics
Rev., vol. 14, no. 11, p. 2000116, 2020.

R. C. Devlin, A. Ambrosio, N. A. Rubin, et al., “Arbitrary
spin-to—orbital angular momentum conversion of light,” Science,
vol. 358, no. 6365, pp. 896—901, 2017.

H. Sroor, Y.-W. Huang, B. Sephton, et al., “High-purity orbital
angular momentum states from a visible metasurface laser,” Nat.
Photonics, vol. 14, no. 8, pp. 498 —503, 2020.

Z.Li, Q. Dai, M. Q. Mehmood, et al., “Full-space cloud of random
points with a scrambling metasurface,” Light Sci. Appl., vol. 7, no. 1,
pp. 1-8, 2018.

L. Zhu, X. Liu, B. Sain, et al., “A dielectric metasurface optical chip
for the generation of cold atoms,” Sci. Adv., vol. 6, no. 31,

p. eabb6667, 2020.

N. A. Rubin, G. D’Aversa, P. Chevalier, et al., “Matrix Fourier optics
enables a compact full-Stokes polarization camera,” Science,

vol. 365, no. 6448, p. eaax1839, 2019.

C. Spagele, M. Tamagnone, D. Kazakov, et al., “Multifunctional
wide-angle optics and lasing based on supercell metasurfaces,”
Nat. Commun., vol. 12, no. 1, p. 3787, 2021.

N. A. Rubin, A. Zaidi, A. H. Dorrah, et al., “Jones matrix holography
with metasurfaces,” Sci. Adv., vol. 7, no. 33, p. eabg7488, 2021.

Y. Bao, L. Wen, Q. Chen, et al., “Toward the capacity limit of 2D
planar Jones matrix with a single-layer metasurface,” Sci. Adv.,
vol. 7, no. 25, p. eabh0365, 2021.

T. Chang, J. Jung, S. H. Nam, et al., “Universal metasurfaces for
complete linear control of coherent light transmission,” Adv.
Mater., vol. 34, no. 44, p. 2204085, 2022.

37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

R. Zhao et al.: 2D diffraction orders modulation based on metasurface === 163

Z. Shi, N. A. Rubin, J.-S. Park, et al., “Nonseparable polarization
wavefront transformation,” Phys. Rev. Lett., vol. 129, no. 16,

p. 167403, 2022

L. Huang, S. Zhang, and T. Zentgraf, “Metasurface holography:
from fundamentals to applications,” Nanophotonics, vol. 7, no. 6,
pp. 1169—1190, 2018.

R. Zhao, L. Huang, and Y. Wang, “Recent advances in
multi-dimensional metasurfaces holographic technologies,”
PhotoniX, vol. 1, no. 1, p. 20, 2020.

0. Mendoza-Yero, G. Minguez-Vega, and J. Lancis, “Encoding
complex fields by using a phase-only optical element,” Opt. Lett.,
vol. 39, no. 7, pp. 1740—1743, 2014.

E. Arbabi, S. M. Kamali, A. Arbabi, et al., “Vectorial holograms
with a dielectric metasurface: ultimate polarization pattern
generation,” ACS Photonics, vol. 6, no. 11, pp. 2712—2718, 2019.
Q. Song, A. Baroni, R. Sawant, et al., “Ptychography retrieval of
fully polarized holograms from geometric-phase metasurfaces,”
Nat. Commun., vol. 11, no. 1, p. 2651, 2020.

Q. Song, A. Baroni, P. C. Wu, et al., “Broadband decoupling of
intensity and polarization with vectorial Fourier metasurfaces,”
Nat. Commun., vol. 12, no. 1, p. 3631, 2021.

L. Kim, J. Jang, G. Kim, et al., “Pixelated bifunctional
metasurface-driven dynamic vectorial holographic color prints for
photonic security platform,” Nat. Commun., vol. 12, no. 1, p. 3614,
2021.

Supplementary Material: This article contains supplementary material
(https://doi.org/10.1515/nanoph-2022-0707).


https://doi.org/10.1515/nanoph-2022-0707

	1 Introduction
	2 Results
	3 Conclusions


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


