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Controllable Polarization and Diffraction Modulated
Multi-Functionality Based on Metasurface

Ruizhe Zhao, Guangzhou Geng, Qunshuo Wei, Yue Liu, Honggiang Zhou, Xue Zhang,
Cong He, Xin Li, Xiaowei Li, Yongtian Wang, Junjie Li,* and Lingling Huang*

Diffraction gratings are crucial optical elements in various optical systems,
which can realize tailored diffraction energy distributions as well as phase
modulations based on Fourier series. Meanwhile, the polarization gratings
can produce arbitrarily specified polarization states on a set of desired diffrac-
tion orders for realizing polarimeter. However, simultaneously and indepen-
dently tailoring the encoded phase profiles and polarization states in different
diffraction orders has not been investigated previously. Here, a dielectric
metasurface with the capability of generating different holographic images
(generalized phase profiles) in different diffraction orders with controllable
polarization states is proposed. Such functionality is achieved by applying the
double-phase method into the metasurface design process for manipulating
the complex amplitude distributions of two orthogonal polarization bases.
Furthermore, in order to prove that the proposed design strategy is suitable to
achieve complicated wavefront modulation in a straightforward and conven-
ient manner, a vectorial holographic image with spatially continuous polariza-
tion distribution is also obtained without any iteration process. The proposed
method may pave the way to achieve a variety of applications such as beam

for arbitrarily tailoring the fundamental
properties of light such as amplitude,?
phase,’ polarization,l®® frequency!®'%
as well as simultaneous multiple param-
eters modulation™ with high resolu-
tion. Therefore, a wide range of novel
applications has been successfully dem-
onstrated including beam shaping,>1°l
metalens,”! holography,?>-?2l nonlinear
optics,?*?4 and color printing!*>?¢! with
the assistance of versatile wavefront modu-
lation methods provided by metasurfaces.

For clearly investigating the wavefront
modulation of output light, the Jones
matrix method is commonly adopted to
link the relation between the output light
and input light. Meanwhile, achieving
arbitrary Jones matrix by elaborately
designed metasurfaces is in favor of many
meaningful applications. By analyzing
the eigenvalue and eigenvector of desired

shaping, polarization imaging as well as multifunctional optical systems.

1. Introduction

The ultrathin metasurfaces composed of plasmonic or dielec-
tric nanoantennas have gradually become practical platforms
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Jones matrix at each pixel, dielectric meta-
surfaces with the capability of control-
ling the phase and polarization of output
light simultaneously have been successfully demonstrated,
leading to enormous polarization multiplexing schemes.'"-%°]
Combining singular value decomposition with double-phase
method, arbitrary symmetric Jones matrix can be realized using
unitary platforms.’% The proposed method was utilized to
achieve desired propagation-dependent polarization response
and dramatically decrease the complexity of the required optical
system compared to traditional methods. Furthermore, sev-
eral polarization functionalities that can only be achieved with
high degrees of freedom (DOFs) of the Jones matrix have been
successfully demonstrated based on coherent pixel method.l!
Hence, the diverse design freedoms offered by meta-atoms for
realizing desired Jones matrix as well as a variety of smart algo-
rithms can motivate metasurfaces to achieve many novel func-
tionalities that may not be easily accomplished in traditional
optics.

Diffraction gratings are crucial optical elements for imaging,
optical communication, spectrometer, polarization measure-
ment, and many other applications. For example, in order to
achieve orbital angular momentum (OAM) multiplexing com-
munication, the vortex gratings are utilized to generate mul-
tiple vortex beams with controllable topological charges in dif-
ferent diffraction orders based on Fourier series.?233 Moreover,
different phase functions can be integrated with Dammann
grating concept for generating arrays of beams including vortex

© 2022 Wiley-VCH GmbH
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beams, bessel beams as well as airy beams arrays.>*38 While,
the polarization states of each diffraction order in above-men-
tioned methods are usually consistent and cannot be tailored
arbitrarily. In order to achieve polarization states generation
and measurement, metasurface has been applied through opti-
mizing the phase distributions within the supercell to obtain
the desired Fourier coefficients of each diffraction order.?”
Such method can be extended from 1D polarization grating
to a 2D version for controlling the polarization responses of
different diffraction orders based on a birefringence dielec-
tric metasurface. Meanwhile, a compact full-Stokes parallel
snapshot polarization camera was successfully demonstrated
for achieving polarization imaging without moving parts.%l
Although the polarization states of different diffraction orders
can be tailored arbitrarily based on above-mentioned methods,
the phase profiles encoded in different orders are set uniform
in the design process.

Here, we propose a novel method for encoding general-
ized phase profiles into different diffraction orders with con-
trollable polarization states. A dielectric metasurface that can
reconstruct different holographic images in different diffrac-
tion orders with distinct vectorial features is demonstrated by
manipulating the complex amplitude distributions based on
the double-phase method without spatial multiplexing. Further-
more, we generate a vectorial holographic image with spatially
continuous polarization distribution without any iteration pro-
cess for proving that our proposed design strategy is suitable
to achieve complicated wavefront modulation. Hence, we reveal
the simultaneously and independently tailoring the phase,

supercell
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polarization, and diffraction orders that have not been investi-
gated yet. The proposed method may pave the way to achieve
a variety of applications including beam shaping, polarization
imaging as well as multifunctional optical systems.

2. Results

A schematic illustration of the proposed dielectric metasurface
for encoding generalized phase profiles into different diffrac-
tion orders and manipulating the corresponding polarization
states simultaneously is shown in Figure 1. The demonstrated
metasurface is designed based on double-phase method
according to the desired complex amplitude distributions T, ,
and Tj,_,. When a 45° linearly polarized light illuminating on
the metasurface, the complex amplitude distributions of two
orthogonal polarization bases T, and T,, can be arbitrarily con-
trolled. And the output light can lead the reconstruction of dif-
ferent holographic images (the number “17,’2’, “3”, and “4” are
chosen as the original images) in different diffraction orders
with controllable polarization states (0°, 30°, 60°, and 90° line-
arly polarized states) without multiplexing schemes. This novel
functionality can be contributed to the complex amplitude
modulation of two orthogonal polarization bases T, and T
provided by the dielectric metasurface which may be difficult to
be accomplished by utilizing the spatial light modulator (SLM)
in traditional optics.

Before designing our demonstrated dielectric metasurface,
we need to analyze the principle of vortex grating at first. For

Figure 1. Schematic illustration of our designed dielectric metasurface. The demonstrated metasurface can encode generalized phase profiles into
different diffraction orders with controllable polarization states. The numbers “1”, “2”, “3”, and “4” are chosen as the original images. The pink arrow
indicates the polarization state of incident light is 45° linearly polarized. Meanwhile, the red arrows represent the polarization state of each diffraction
order. The hologram ¢, that is utilized to realize the desired metasurface is shown in the bottom right corner.
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a traditional 1D vortex grating in x-direction, its transmission
function can be expressed by Fourier series:

TVG,x = 2 Cinx eXP(imlx(P)eXP(imi)—”x) (1)

m=—co X

where c,,, is the Fourier coeflicient for the mth diffraction
order, I, is the intrinsic base topological charge in x direction, ¢
represents the azimuthal angle, and D, indicates the period of
the grating. The Fourier coefficient c,,, is an important property
of vortex gratings which can determine the intensity and polari-
zation state of different diffraction orders. In general, the c,,
can be tailored by optimizing the phase profiles in each period.
With the assistance of several optimized approaches such as
genetic algorithm, simulated annealing algorithm, and gradient
descent optimization, the optimized phase profile is acquired in
order to improve the efficiency and performance of the demon-
strated vortex grating.*® By encoding the optimized phase pro-
file into a SLM or T, channel of designed metasurface, a row of
optical vortices in x direction with different topological charges
can be realized but with consistent polarization states.

Inspired by the realization of 1D vortex grating, we propose
a strategy to encode generalized phase profiles into different
diffraction orders with controllable polarization states based on
dielectric metasurface. First, a hologram ¢, that is analogous
to the azimuthal angle distribution ¢ in 1D vortex grating is
optimized through the gradient descent method.*! While for
the diffraction order m = -2, -1, 1, and 2, we have phase pro-
file of ¢, 2¢,, 3¢, and 4¢y,. The flowchart of the optimization
is shown in Figure 2. A random phase profile ¢, composed of
550 x 550 pixels is generated for the initialization. The intensity
in the hologram plane is set as uniform distribution I, in each
iteration. The Fourier transform (FFT) is utilized to realize the
propagation process from the hologram plane to the object plane.
We adopt the mean squared error (MSE) to evaluate the differ-
ence between the reconstructed image and original image. By
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calculating the gradient V,e.(¢,) that is the derivative of the
4

total error ¢, | ¢, = Zed to the phase profile ¢, the updated
d=1

@, can be generated in each iteration. In the optimization pro-
cess, we have to find a phase profile ¢, that can minimize the
total error e, After a sufficient number of iterations (500 times),
we obtain the optimized hologram ¢, that enable us to recon-
struct different holographic images in k-space with satisfied
image qualities based on the phase profiles ¢, 2¢,, 3¢, and
4¢,, where the multiplier factors 1, 2, 3, and 4 are encoded to
achieve independent modulation. The entire optimization takes
nearly 600 s in a personal computer (CPU: Intel i7 11700KF,
RAM: 32GB).

Then, we calculate two complex amplitude distributions Tj,
and Tj,_, which need to be encoded in T, and T,, polarization
basis according to Equation (2):

T, . = Ecm exp(in(ph)exp(imZD—ﬂx]
me{q} *
, . om (2)
T,., = z Cony exp(mq)h)exp(sz—x]
me{q} *

where the diffraction order m is set as -2, -1, +1, and +2 in
the process of designing the demonstrated metasurface. Mean-
while, an integer n =1, 2, 3, and 4 is multiplied by the hologram
@, in different diffraction orders corresponding to the above
holographic flowchart, respectively. The period of the grating
D, is set as 4.2 um. The Fourier coefficients in Equation (2)
can be represented in the form of Jones vector [C,y, Cyy|" and
are chosen as linearly polarized light with different polariza-
tion angle ([1, 0], [cos(r/3), sin(n/3)]", [cos(27/3), sin(27/3)],
and [0, 1)) for the convenience of experimental demonstra-
tion. Other polarization states including circular polariza-
tion state and elliptical polarization state are also achievable
in our scheme (more details are provided in Section B of the

MSE
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Figure 2. The flowchart of the optimization method for generating the hologram. The “FFT” represents the Fourier transform for investigating the prop-
agation processes from hologram plane to the object plane. The errors of different diffraction orders (e;, e, e3, and e,) are calculated by mean squared
error (MSE) method in order to evaluate the difference between the reconstructed images and target images. The total error is represented by e;.
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Supporting Information). Due to the difficulty in simultaneously
and completely manipulating the complex amplitude of the c,,,
and ¢,,, based on phase only modulation, we choose a complex
amplitude modulation approach instead. The calculated com-
plex amplitude distributions T, , and Tj,_, after normalization
are encoded into the two orthogonal polarization basis T, and
T,, of the designed metasurface by utilizing the double-phase
method. In this manner, the Fourier coefficients ¢, and c,,, that
determine the polarization states of different diffraction orders
can be directly controlled by the proposed method.

The relation between the output (F°") and input light (E™")
is commonly linked based on Jones matrix method and can be
expressed in linear polarization basis as follows:

T. T,

E* = TE™ where T = [ Le Ty } (3)
¥ w

The subscript i and j of the polarization channel Tj indicate
the output and input polarization components, respectively. By
applying the double-phase method to the metasurface design
process, an arbitrary Jones matrix T with T, = T,,, = 0 can be
decomposed into the sum of two unitary matrices T; and T, as
follows:[3042

e 0 ik ipk
T = axx; . = l e _01 +1 2 QZ (4)
ae” |72 o e |2 o e

where the phase items in T; and T, are calculated by
@i = @;+cos™(a;) and @F = @;—cos (a;)(ii = xx or yy). In
order to fulfill the unitary matrices T; and T, a TiO, nanofin on
top of a quartz substrate is chosen as the sub-unit of our dem-
onstrated metasurfaces. As known, the high-index dielectric

(b)
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nanofin can be considered as a tiny waveguide with different
effective refractive index (n,) along its long and short axis
which exhibits form birefringence. By tailoring the size of the
nanofin, arbitrary phase shifts can be imposed on the orthog-
onal polarization components of output light and realize the
matrix T; or T,. For covering the phase shifts from 0 to 27 with
high efficiency and avoiding the coupling effect of neighbor
sub-units, the period P and height H of the TiO, nanofin in
each sub-unit are chosen as 350 and 600 nm, respectively. The
amplitude (abs(t,,) and abs(ty)) and phase (¢, and ¢,) of the
transmission coefficients t,, and t,, are calculated by using rig-
orous coupled wave analysis (RCWA) method (more details are
provided in Section A of the Supporting Information). Our dem-
onstrated metasurfaces are composed of the supercell shown in
Figure 3a. In each supercell, the 2 X 2 nanofins with different
sizes are utilized to encode the desired complex amplitude dis-
tributions to the metasurface. Meanwhile, the sizes of the nano-
fins in diagonal and anti-diagonal positions are determined
according to Equation (4) by guaranteeing the minimum of
the error € = abs(t,, —exp(i@L,))+abs(t,, —exp(iph)) (ii =1, 2) at
each pixel. Therefore, the normalized T,_, and Tj,_, can be suc-
cessfully encoded.

Then, we fabricated two types of metasurfaces named
sample 1 and sample 2 on top of a fused quartz substrate by
electron beam lithography for experimental demonstration
(detail information is provided in Section D of the Supporting
Information). The corresponding scanning electron microscopy
images of sample 1 with a top view and side view are shown
in Figure 3b,c. Our fabricated metasurfaces composed of
550 x 550 supercells with the period 2P = 700 nm. Each super-
cell contained 2 x 2 TiO, nanofins with different sizes (L;, L,,
W, W, 60-260 nm, H = 600 nm) but fixed orientation angles
0 (60=0°).

Objective
lens =

CCD—

Figure 3. a) Schematic illustration of the supercell (2 x 2 TiO, nanofins) of metasurfaces. b,c) The scanning electron microscopy images of our
fabricated metasurface sample 1 in top and side view. The metasurface are composed of 550 x 550 supercells. d) The experimental setup for cap-
turing the holographic images in different diffraction orders. A linear polarizer LP1 and a half-wave plate HWP are used to control the polarization
of incident light. Another linear polarizer LP2 is used as an analyzer to distinguish the polarization states in different diffraction orders. The fab-
ricated metasurface sample is placed on the focal plane of an objective lens (40x/0.55). A CCD camera is placed at the back focal plane of a lens

(f=100 mm) in order to capture the reconstructed images in k-space.
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L =

Figure 4. a—j) Simulated and experimental results of our fabricated metasurface sample 1 for reconstructing different holographic images in different
diffraction orders with controllable polarization states. The wavelength of incident light is 532 nm. The blue and red arrows indicate the polarization

of input and output light.

The simulated and experimental results of sample 1 are
provided in Figure 4. When the 45° linearly polarized with the
wavelength of 532 nm illuminating on the fabricated metas-
urface, the holographic images “1”, “2”, “3”, and “4” encoded
in different diffraction orders are successfully obtained as
depicted in Figure 4f. In order to discriminate the inconsistent
polarization states of the four holographic images, we rotate the
transmission axis of LP2 to different directions (6, = 90°, 120°,
150°, and 180°) sequentially. The correct extinct phenomena are
clearly observed as shown in Figure 4g—j that agree well with
the corresponding simulated results. Meanwhile, we can find
that four bright spots appear in the middle of each holographic
images. These results can prove that the four holographic
images with inconsistent polarization states are realized from
the perspective of diffractive grating instead of the method for
achieving vectorial holography. The designed diffraction angles
of different diffraction order (m = -2, -1, +1, and +2) that are
calculated by Equation (2) are —14.67°, —7.28°, 7.28°, and 14.67°,
respectively. And the NA of the objective lens used in our exper-
iment is 0.55, which is adequate to collect all the desired holo-
graphic images. In addition, our demonstrated method is quite
different from other strategies which can accomplish the sim-
ilar functionality in a multiplexing scheme.[*! In the experi-
ment, the measured transmission efficiency of the sample 1
is 46.7%. And the diffraction efficiency that is defined as the
power of the reconstruct holographic images (observed without
LP2) divided by the power of the incident light is 9.34%. The
relative low efficiency of our demonstrated metasurface is
mainly caused by the complex amplitude modulation of our
proposed method as well as the existence of high order diffrac-
tion orders due to the pixel size 2P is slightly larger than the
wavelength of incident light (more details are provided in Sup-
porting Information).

Furthermore, a vectorial holographic image is also obtained
without any iteration process in order to demonstrate the
complicated wavefront modulation and can be realized in a
straightforward and convenient manner. We select a picture
of a rabbit as the original image. The rabbit is designed to
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possess a spatially continuous polarization distribution as
shown in Figure 5a. From left to right part of the rabbit, the cor-
responding polarization state is gradually changed from x-linear
polarization state to y-linear polarization state as depicted by
the black arrows. For an arbitrary polarization state M), it can
be expressed by the Jones vector |A) = [cos ¥, €%in y]T (-7 <
x<m-n< 6= 0, 6 < ) in linear polarization basis. The
polarization states are determined by the parameter y and 6,
but the phases (6, and §)) of x- and y- polarization component
(E,x Eyy) of the electric field at the object plane are the design
freedoms we can utilize. Due to the polarization distribution
of the rabbit that is composed of linear polarization states with
different orientation angles, the phase shifts J is set to zero at
each pixel. In Figure 5b, the process of generating the desired
complex amplitude distributions E,,, and E,,, is illustrated. The
polarization components E,, and E,, at the object plane can
be calculated as follows:

E,. = A, cos ye™
E, = A,sin ye (5)

where A, indicates the amplitude distribution of the original
image (a rabbit) and &, is a random phase profile. Then, the
desired complex amplitude distribution E,,, and E,,, at the hol-
ogram plane can be obtained by the inverse Fourier transform
(IFFT) and encoded into the metasurface based on our proposed
method. In addition, the random phase profile g, is necessary
for avoiding the pixels with high amplitude values that are all
accumulated in the center of the metasurface. The experimental
and simulated results of the vectorial holographic image are
shown in Figure 5c¢-l. A rabbit image with uniform intensity is
successfully acquired and agrees well with the simulated result.
The spatially continuous polarization distribution is verified by
rotating the transmission axis of analyzer LP2 across different
direction. The correct extinct phenomena shown in Figure 5i-1
prove that our proposed method can realize the reconstruction
of a vectorial holographic image (arbitrary polarization distribu-
tion) without any iteration process.

© 2022 Wiley-VCH GmbH
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Figure 5. a) The polarization distribution of the original image (a rabbit) that is designed as linear polarization states with different orientation angles.
b) The illustration of the process of generating the desired complex amplitude distributions E,,, and E,,,. c-l) Simulated and experimental results of
the vectorial holography based on sample 2. The blue and red arrows indicate the polarization of input and output light. Correct extinct phenomena

can be observed by rotating the analyzer LP2.
3. Discussion

The mechanism of complex amplitude modulation lead to the
relative low efficiencies of our fabricated metasurfaces. This may
be improved by manipulating the Fourier coefficients c,,, and c,,,
with advanced optimized algorithms or deep learning method.
Then, the functionality proposed here may be accomplish based
on a phase-only platform with higher efficiency. Meanwhile,
the quantified phase relations that acquired from the optimiza-
tion are not necessary. Arbitrary and independent phase pro-
files can also be encoded into different diffraction orders with
tailored polarization states (more details are provided in Section
B of the Supporting Information). Because the optical function-
alities including light focusing or vortex beam generation are all
wavefront modulation which can be realized by encoding desired
phase profiles to the metasurface. Therefore, simultaneously
realizing different optical functionalities in different diffraction
orders is achievable by our proposed design strategy. Further-
more, the broadband properties of the sample 1 and 2 are also
provided in Figure S4 of the Supporting Information.

In summary, we have demonstrated a novel method for
encoding generalized phase profiles into different diffraction
orders with controllable polarization states. Different holo-
graphicimages are successfully encoded into different diffraction
orders with distinct vectorial features. This is achieved by manip-
ulating the complex amplitude distributions of two orthogonal
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polarization channels T,, and T,, based on double-phase method.
Furthermore, a vectorial holographic image with spatially con-
tinuous polarization distribution is realized without any iteration
process by utilizing the proposed design strategy. The proposed
method here may pave the way to achieve a variety of applications
such as beam shaping, polarization imaging and detection, optical
tweezers as well as multifunctional optical systems.

4. Experimental Section

The experimental setup used in the experiment are shown in Figure 3d.
Light from a supercontinuum laser source (NKT Photonics Super
EVO) was passed through a linear polarizer LPT and a half-wave
plate HWP. The LPT and HWP were used together to generate the 45°
linearly polarized light illuminating on the metasurfaces. The fabricated
metasurface samples were placed at the working distance of an objective
lens (40x/NA = 0.55). A charge coupled device camera (CCD) was
placed at the back focal plane of a lens (f=100 mm) in order to capture
the reconstructed holographic images in k-space. And another linear
polarizer LP2 was used as an analyzer to discriminate the polarization
states of the reconstructed images that were encoded in different orders.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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