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Independent Light Field Manipulation in Diffraction Orders
of Metasurface Holography

Xin Li,* Xue Zhang, Ruizhe Zhao, Guangzhou Geng, Junjie Li, Lingling Huang,*
and Yongtian Wang*

Metasurface holograms are novel optical elements with enormous potential
because of the charming electromagnetic features, which can manipulate
amplitude, phase, polarization state, and other parameters of light field via an
elaborately designed subwavelength nanostructure array. Metagratings are
extensively researched for controlling the feature of light in diffraction orders.
However, a flexible and simple method is yearned for realizing independent
wavefront manipulation in different orders. Here, a metasurface holography
that can reconstruct various information in each diffraction order is
demonstrated. The physical model is based on Jacobi–Anger expansion and
iterative optimization, and both helicity-dependent and birefringent
metasurfaces can work compatibly with this proposed method to achieve
arbitrary control of 1D and 2D orders. Specifically, information in 18 channels
consisting of diffraction orders and polarization states is encoded in a single
metasurface hologram. The approach provides promising and versatile optical
elements for beam shaping, holographic display, optical storage, information
encryption, etc.

1. Introduction

High-performance novel flat optical elements are earnestly de-
manded for various minimized and integrated applications in re-
cent years. Optical metasurface is a kind of promising elements
composed of delicately designed artificial subwavelength nanos-
tructures, which is termed metaatoms. Because of the strong in-
teraction between metaatoms and light, these ultrathin and ver-
satile optical elements have incredible power to manipulate the
parameters of light field.[1–5] Introducing holography can further
expand the flexibility, especially the multiplexing technologies of
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metasurface holography bring vitality to
the development and applications of such
platform. Benefited from these multi-
plexing technologies, more functions are
able to be embedded in a single metasur-
face via the multiple manipulation chan-
nels of phase, amplitude, polarization,
frequency, orbit angular momentum, in-
cident angle, and so on.[6–15]

Metasurfaces own the function of
beam folding and splitting, such as
being applied in the generation of cold
atoms,[16] while it can achieve more
than that, which enable steer the pa-
rameters (including amplitude, phase,
polarization, and even quantum states
of photons) of specific orders via proper
design: the resonant mode of nanos-
tructures boosted the generation of
uniform diffraction efficiency of desired
orders;[17–20] the reconfigurable structure
led to tunable diffraction directions;[21] a

metagrating array was demonstrated to achieve multiphoton
quantum state measurement and reconstruction;[22] an opti-
mization method based on anisotropy of metaatom or spatial
multiplexing made Stokes parameters measurable, and com-
pact full-Stokes polarization cameras could be realized.[23,24]

Nevertheless, previously reported metasurfaces can only uni-
formly manipulate the parameters in each order and Dammann
gratings offer extra opportunities to generate more compli-
cated light field distributions through phase or transmission
coefficient optimization.[25,26] Introducing Damman gratings to
metasurface holography improves the reconstructed images
qualities,[27,28] and further the Bessel beam and Airy beam ar-
ray were formed.[29–31] Meanwhile the optimization methods of
Damman gratings achieved the generation of vertex beam ar-
rays with different topological charges in each order by both tra-
ditional light modulators and metasurfaces.[32] However, for a
phase grating, it is easy to learn that the series expansion of grat-
ing function indicates a commonly general relationship between
each order, hence more complex wavefront distributions in each
order in far field can be obtained by applying superposition of
complex amplitude and complicated optimization algorithms ac-
cording to abovemethods. An effort on nanostructure design had
also beenmade,[33] where a supercell library was built and the po-
sition of supercells was also involved in the optimization for real-
ize a flexible manipulation in each order, but somehow such su-
percell structures brought asymmetric and bigger unit size and
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Figure 1. Schematic of light field manipulation in diffraction orders of metasurface holography. The arrows indicate the polarization states of the incident
and emission light. The dashed area represents effective area on imaging plane. For 1D case, cyan numbers represent the orders; for 2D case, green and
blue numbers are the orders along horizontal and vertical axis, respectively.

increased the difficulty of metasurface design. Consequently, a
desired method for arbitrarily manipulating the light field in far
field should be simpler, meanwhile the commonly general rela-
tionship can be restricted on metasurface only, which will not
limit the far-field behavior. Apparently, this method would extend
the potential applications of metasurfaces.
Here, we propose and demonstrate a kind of metasruface

holography that the light field of each order can be manipulated
independently in far field.We design helicity-dependent and bire-
fringent metasurfaces by encoding a series of images in both 1D
and 2D orders via an optimization method, which is developed
based on Jacobi–Anger expansion and Fidoc algorithm. In the
experimental verifications, both helicity-dependent and birefrin-
gent metasurfaces work well, and independent images in 3 × 3
diffraction orders and two orthogonal polarization channels are
reconstructed successfully. This metasurface holography renders
a novel way to simultaneously and independently modulate the
amplitude and diffraction orders of light. Integrated with other
type of multiplexing, this approach can provide another manipu-
lation dimension and applied to various fields of optics and pho-
tonics, such as beam shaping, information display, data storage,
and optical encryption.

2. Results

A schematic of independent wavefront manipulation in diffrac-
tion orders is shown in Figure 1. For the purpose, the metasur-
face encoded with holographic information (metasurface holo-
gram), is delicately designed. In 1D case, a primary phase-only
hologram exp[i𝜑(x, y)] is reencoded as

E (x, y) = exp
{
j𝛽
{
cos

[
𝜑 (x, y) − 𝜑r (x, y)

]
+ 𝜑0 (x, y)

}}
(1)

where 𝛽 is the coefficient for amplitude manipulation of each or-
der, j is imaginary number, 𝜑0(x, y) is initial phase, and 𝜑r(x, y) is
basic reference phase defining the diffraction orders. Then this
expression can be expanded as the sum of each order according

to Jacobi–Anger expansion,[34] and the m order is written as

E(m) (x, y) = jmJm (𝛽) exp
{
j
[
m𝜑 (x, y) + 𝜑0 (x, y)

]}
exp

[
jm𝜑r (x, y)

]
(2)

where Jm(∗) is the m order of the Bessel function of the first
kind. Then it is obvious that the complex wavefront of each order
relies on the reconstruction of J

m
(𝛽) exp{j[m𝜑(x, y) + 𝜑0(x, y)]}.

To realize these complex amplitude distributions expressing
different information, the primary hologram should be elabo-
rately designed. The reference phase is satisfied with𝜑r(x, y) =
k[x sin 𝜃x + y sin 𝜃y], where 𝜃x and 𝜃y are the diffraction angles of
the first order along two directions, respectively. When the in-
cident beam is illuminated on the metasurface hologram, the
target images for each order are reconstructed on observation
plane (k-space in our verifications). The flowchart of computer-
generated hologram (CGH) encoding process is shown in Figure
2 and there are three main steps. In step 1, 𝜑0(x, y) is obtained
based on original Fidoc algorithm.[35] In step 2, another itera-
tive process is performed: the target amplitude information is
modified based on Fidoc algorithm, and divided by exp[i𝜑0(x, y)]
after the inverse propagation (it is inverse Fourier transforma-
tion in our verifications, but it could be others like inverse Fres-
nel diffraction or inverse angular spectrum propagation); before
carrying out weighted sum, a phase unification process is intro-
duced (for details about this phase unification process, see Part A,
Supporting Information); one can acquire a phase-only hologram
exp[i𝜑(x, y)] via ignoring the amplitude of the weighted sum; the
phase is multiplied the times N1 to Nn in each order respectively,
which is thenmultiplied byexp[i𝜑0(x, y)]; then a group of complex
amplitude distributions is obtained after the forward propaga-
tion (Fourier transformation in our work) for the reconstruction
quality evolution and also for amplitude modifications in next it-
eration loop. When the quality meets the requirement or the it-
eration exceeds upper limit, the second iterative process can be
terminated and the primary phase-only hologram is input to the
final step. In step 3, the primary hologram, 𝜑0(x, y), and 𝜑r(x, y)
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Figure 2. Flow chart of iterative optimization algorithm for light field manipulation in diffraction orders. IFT and FT are inverse Fourier transformation
and Fourier transformation, respectively. “·” in circle represents amplitude constraints based on Fidoc algorithm, “×” and “÷” means multiplying and
dividing, respectively, “+” is weighted sum after phase unification process, and “*” indicates mapping based on Equation (1) or (3).

are encoded as final CGH according to Equation (1). After the
weighted sum, there is an amplitude unification process to guar-
antee the energy conservation.
This method can also be generalized to 2D manipulation, and

the CGH is reencoded as

E (x, y) = exp
{
j
{
𝛼 cos

[
a𝜑 (x, y) − 𝜑rx (x, y)

]

+ 𝛽 cos
[
b𝜑 (x, y) − 𝜑ry (x, y)

]
+ 𝜑0 (x, y)

}}
(3)

where 𝜑rx(x, y) = kx sin 𝜃x and 𝜑ry(x, y) = ky sin 𝜃y are used to de-
fine the diffraction orders, 𝛼 and 𝛽 are coefficients for amplitude
manipulation (they can be any positive real numbers), respec-
tively, and a and b are control parameters for determining the
multiple of 𝜑(x, y) in each order (they should be integers). Then
Equation (3) is expanded as

E (x, y) =
∑
n

∑
m

jm+nJm (𝛼) Jn (𝛽) exp
{
j
[
(am + bn)𝜑 (x, y)

+ 𝜑0 (x, y)
]}
exp

[
j𝜑xy,mn (x, y)

]
(4)

where 𝜑xy,mn(x, y) = k[mx sin 𝜃x + ny sin 𝜃y]. It is shown that the
information of light field manipulation in each order is encoded
as [(am + bn)𝜑(x, y) + 𝜑0(x, y)]. For instance, in our verification,
we focus on the nine orders (3×3) in the Fourier plane and set
a = 3, b = 1 (for details about control parameters and diffraction

orders, see Part B, Supporting Information), and the different
multiples of 𝜑(x, y) are as follows

⎡⎢⎢⎣
−2 1 4
−3 0 3
−4 −1 2

⎤⎥⎥⎦
(5)

While the phase modulation in central order can be achieve by
𝜑0(x, y). Then, by the iterative optimization algorithm, different
information can be encoded into each order as a CGH. 𝛼 and 𝛽

determine the intensity contrast of each order according to the
order of first kind of Bessel function as shown in Figure 3a and
for details about this phase unification process, see Part C in the
Supporting Information.Moreover, the CGHs for 1D and 2Dma-
nipulations are shown in Figure 3b,c.
To verify the compatibility of proposed method, we design a

helicity-dependent and a birefringent metasurface to achieve one
and two polarization channels multiplexing. In the design of for-
mer one, Pancharatnams–Berry (PB) phase is utilized, and for lat-
ter one, propagation phase is applied. As shown in Figure 3d, the
metasurface hologram consists of rectangular amorphous silicon
nanorod arrays on glass substrate. A rigorous coupled wave anal-
ysis method is applied to aid the design of metaatom. For a sim-
ilar experiment condition, the period of both helicity-dependent
and birefringent metasurfaces are set as 280 nm and the height
of nanorods is 600 nm. During the design, we sweep the width
and length of nanostructure to acquire a library of structures, as
shown in Figure 3e,f (for details see Part C, Supporting Informa-
tion). The optimized size of each rod on birefringentmetasurface
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Figure 3. Design of diffraction order manipulation metasurface holography. (a) is selection impact of the coefficient for amplitude manipulation. The
solid line, dash line, dotted line, dotted-dashed line, double dotted-dashed line, and double dotted line represent the absolute value of the orders of
the Bessel function from 0 to 5. The independent variables x are the coefficient for amplitude manipulation of each order and the dependent variable
y defines the intensities of each order according to Equations (2) and (4). (b) and (c) are the CGHs for 1D and 2D manipulation, respectively, where
zoom-in view of them are given. (d) is the schematic illustration of the metaatom. (e) and (f) are simulated amplitude and phase of the transmission
coefficients txx of amorphous silicon nanorods on silica by a rigorous coupled wave analysis method for parameters optimizations. The sweeping length
and width of nanorods are both from 90 to 190 nm at the incident wavelength of 800 nm.

is selected to obtain the minimized phase difference between the
target values and calculated values in both channels. While the
size on helicity-dependent metasurface is picked out where the
metaatom performs as a half-wave plate and the rotation angle
of each rod determined by the CGH according to the principle of
PB phase.
The experiments are performed to verify the feasibilities of our

proposed method. The scanning electron microscopy results of
helicity-dependent sample and birefringent one are shown inFig-
ure 4a–d, respectively. The setup is exhibited in Figure 4e. The
incident light passes though polarization optical elements and is
collimated on the metasurface by a lens; then the emitted beams
are collected by an objective and a lens, and finally imaged on a
charge coupled device (CCD) camera after a lens and polariza-
tion optical element(s). The scalar simulation and experimental
results are shown in Figure 5, where Sample 1 and Sample 2 are
helicity-dependent and birefringentmetasurfaces, respectively. It
is worth noting that all simulation results are obtained based on
scalar diffraction theory. For helicity-dependent metasurface the
polarization of incident light is right circular polarization (RCP)

and observation polarization is left circular polarization (LCP) as
marked in Figure 5d. For birefringent samples, in Figure 5e, the
incident and observation polarization are horizontal, and in Fig-
ure 5f, they are both vertical. The appropriate rotation angles of
polarization optical elements ensure that the light with correct
polarization states is incident on the metasurfaces, and different
holographic images are reconstructed in the desired diffraction
orders successfully. By optimization of the control parameters,
the coefficients for amplitude manipulation and weights in en-
coding process, the intensities of each order can be tuned ar-
bitrarily: the intensities of each order can be similar with each
other as the result for helicity-dependent metasurface shown in
Figure 5d, or they can be different as in the results for birefrin-
gent samples exhibited in Figure 5e,f. The functions of proposed
metasurface holography are not limited at single working wave-
length, and changing thewavelength of the incident light can also
lead to successful reconstructions. We use the illumination light
with the wavelength from 700 to 900 nm, and some results are
exhibited in Figure S4 in the Supporting Information. Further-
more, the basic principle of helicity-dependent and birefringent
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Figure 4. Experimental verification of independent manipulation in
diffraction orders. (a) and (b) Scanning electron microscopy images of
the fabricated helicity-dependent metasurfaces metasurface sample and
(c) and (d) are that of the birefringent sample. The scale bars in (a)–(d)
are 1 µm. e) Experimental verification setup. LS, the supercontinuous laser
source; L1 and L2, convex lenses; OB, objective lens; P1 and P2, polariza-
tion optical elements; MS, metasurface; CCD, charge coupled device.

Figure 5. Simulation and experimental results for independent light field
manipulation in diffraction orders of metasurface holography. a–c) Simu-
lation results for 1D and 2D cases. d–f) Corresponding experimental re-
sults, where the arrows represent the polarization states of the incident
and emission light.

metasurfaces offer broadband properties, and the details are dis-
cussed in Part D in the Supporting Information.

3. Discussions

The intensity contrast between each order can be manipulated
via modifying the parameters 𝛼 and 𝛽 in Equations (2) and (4),

and the weight w1 to wn in encoding process. As described in
Equations (2) and (4), amplitude manipulation coefficients (in
1D case 𝛼=2.95 and in 2D case 𝛼 = 𝛽 = 1.65) determine the in-
tensity of each order. Meanwhile the feature of Bessel function
of first kind |J−m(𝛼)| = |Jm(𝛼)| indicates the intensity of −m or-
der is equal to that of m order, which also can be learnt from the
results. Growth of independent variable leads to a smaller differ-
ence between each order of Bessel functions, which means that
bigger 𝛼 and 𝛽 would be easier to get a smaller intensity contrast;
however, the absolute value of Bessel functions goes smaller,
which indicates the efficiencies of each order will be much lower
(for more discussion, see Part C, Supporting Information). Also,
the introduction of weight w1 to wn enables to artificially mod-
ulate the intensity contrast between each order. It is worth not-
ing that because both the phase unification and amplitude con-
straint on metasurface plane are nonlinear process, the weight
cannot be set only according to desired intensities contrast, but it
should be in direct proportion to the contrast. Consequently, we
set w1 = w−1 = w2 = w−2 = 1 in our 1D case for same intensities
in each order, whilew1 = w−1 = ⋯ = w1 = w−3 = 1, w4 = w−4 = 3
for similar intensities. These weight coefficients are bigger than
1, owing to the suppress of undesired orders in the optimization,
and the energy conservation can be guaranteed for there is an
amplitude constraint after the weighted sum.
In helicity-dependent case, although most RCP light is con-

verted to LCP, there is little RCP that is not converted because
of the geometric deviation andmismatch of permittivity between
design and practical fabrication. Limited by the extinction ratio
of polarizer, there is some unconverted light focused in the cen-
ter of the imaging plane as a bright spot. While for the birefrin-
gent metasurface this deviation and mismatch, and the coher-
ent speckle lead to a strong background noise. These issues also
decay the image qualities in the reconstruction for propagation
phase case and the image qualities deteriorate a bit for the tar-
get images are reconstructed with the same polarization state as
incident light.
Inspired by Shannon–Hartley theorem, the total information

capacity Ic of a light field can be described as
[36–38]

Ic = NDoFlog2 (1 + SNR) (6)

where NDoF is the total degrees of freedom (DoF) and SNR is
the signal-to-noise ratio. Further, NDoF=NtNsNfNp, hereNt, Ns,
Nf , and Np are the temporal, spatial, frequency, and polariza-
tion DoF,[37] which are all integers. In the independent light
field manipulation in diffraction orders, Nt=Nf = 1, and Np = 1
when PB phase is applied, Np = 2 for the birefringent situation.
No matter which methods are applied to the design of meta-
surface holograms, Equation (6) determines the maximum in-
formation capacity. It is apparent that higher information capac-
ity brings better effect of light field manipulation. For most con-
ventional methods, the manipulation information should be op-
timized globally, and Ns = XY , where X and Yare the spatial-
bandwidth-product along x axis and y axis. As for our proposed
method, all target manipulation information is optimized locally,
which is concentrated around each order, and the total spatial
DoF N′

s =
∑

m,n X(m,n)Y(m,n) < Ns. This indicates that if less argu-
ments are involved in the optimization, and it would decrease the
difficulty of this process and lead to a better manipulation qual-
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ity. For further enhancing the light fieldmanipulation ofmetasur-
face holography, an effective way is increasing the DoF according
to Equation (6), such as applying more complicated structure of
metaatom, or specific working mode of nanostructure.[39–40]

4. Conclusion

In conclusion, the method reported herein can fully combine
the advantages of CGH and optical metasurface to realize inde-
pendent light field manipulation in diffraction orders. The com-
monly general relationship between each diffraction order is re-
leased by our proposed iterative method based on Jacobi–Anger
expansion and Fidoc algorithm and by combining with smart al-
gorithm, this approach offers several parameters in optimization
process to modify the holographic intensity distribution of each
order. The target light field are reconstructed successfully in sim-
ulation and experimental verifications, which exhibit that both
helicity dependent and birefringent metasurfaces support 1D
and 2D diffraction orders control. Nevertheless, it does not mean
that this method can only work with these two kinds of metasur-
face. Our approach is compatible with most multiplexing meta-
surface holography and the increase of information recorded in
metasurface hologram by using diffraction orders brings much
more manipulation channels. This study of diffraction orders as
different multiplexing channels leads to another dimension for
information storage, display, encryption, and other complex light
field manipulations.

5. Experimental Section
In the experimental verifications, a supercontinuum laser source, NKT

Photonics Superk EVO, is applied as the light source, while Thorlabs
1501C-USB is used for capturing reconstruction results. P1 and P2 are
employed for the generation and analysis of polarization state. For helicity-
dependent case, P1 is a group of the polarization optical elements consist-
ing of a polarizer and a quarter wave plate for circular polarization gener-
ation, and P2 are a quarter wave plate and an analyzer to filter out copo-
larization beam without carrying phase information. For birefringent case,
the polarization optical elements P1 are a polarizer and a half wave plate
and P2 is an analyzer only.

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