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Fig. 1 Schematics of phase. (a) Resonance phase is modulated by changing geometric size to achieve 2x phase coverage; (b) geometric

size of dielectric rods is altered to change the effective refractive index and achieve 2x phase coverage; (c) artificial atom is rotated

to obtain polarization dependent geometric phase; (d) composite phase obtained by combining resonance phase or propagation

phase with geometric phase
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Fig. 2 Single-function metasurface. (a) SEM images of a resonant phase metasurface consisting of V-shaped antennas and wavefronts

for sub-wave sources with different resonance phases'; (b) schematic of an efficient meta-coupler and near-field test results"”;

(c) far-field experimental test results of an anomalous deflector consisting of gold nanorods of different sizes and its sample

images"”; (d) SEM photos and schematic diagram of polarization-insensitive meta-lens achieved by modulating propagation

phase by varying diameter of TiO, dielectric rods"”; (e) schematic diagram of a geometric phase metasurface consisting of a

single metal layer of rotating metal nanorods to realize photonic spin Hall effect in near infrared band"”; (f) photo of highly

efficient all-dielectric meta-lens sample operating in visible band and characterization of imaging quality in different wave bands™”
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Fig. 3 Multifunctional imaging. (a) Experimental results of chiral holography based on an all-dielectric composite phase metasurface and

(b) experimental results of bright- and dark-field imaging based on a composite phase metasurface™;
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(c) schematic diagram of a chiral holographic imaging device with spin decoupling achieved by designing non-mirror symmetric

chiral meta-atoms™; (d) schematic diagram of deep-ultraviolet dual holographic imaging™”
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Xu % e R R AR AR 3SR T
52 A A A R A 2 T ) Dy AR AR, WA S (o) frs .
MK S IR AR AL 5 LT AR LA 25 4, R 2 08 7 5 L
FO&EANTIRFHNESULZHNE S, SHAT
AR [ T 1 [ A A1 ' RS [) — > 2% 1R B, A A
F A = A AR RO DL K e BE T RE, Jf
i B S G R AT IR E , H AR [ 4 Th Rk 2 18] 4 B4 T 2
WA TE . 2023 4F, Wang %745 T BT R RO g
TR BS54 e BT R A XU g A R R T
B R A — O TR N TR HA R Y R
TR AR, 5 — A A AN TR 5 ER
JENG AR TS RE T o B X T A B A g
A R R UL, N TR T B KM &R R 2 CE
TR A AEE T 200 1 89 IR B b N TR P R KR
27 Be3E o 525 ST TR0 Ry 8106 1 L) RE R
W S5(d) iR .

DB ) 28R 5 AS TR T4 A S 7 28 3 52 B 1)
REFEAT T ff AR (AL BT 7= A i e S 38 T % i M LR
3 AL . 2020 4F Xu S8R T — B AR A AR AL AN
£ 1) W Ak A 2 a1 AR A7 5 DL SE RO R & A B &l 5Ce)

JT 7R o %A R 0 U T B (R s T A% A A DA
S TUAnr AH A2 SR g # AN TR =1 5% 09 Dy g O Ho 76 [/ — IX
W 1A F e B0 S 59— B DL ZE R SR a3 R R
A 2l 7 9] AH SR % B A T BT A A A 43 A
FUAR ) B Ak 53 A 19 0 B DL ZEJR DA . L, 4 S IE
A LR TR O B Z B AR s BV AT P A R TR A AR A A A
%4 DL ZE IR BT . 2020 4F , Wang 25 H#E ST T — Fif
IR TRt SR RS UR 2 Y EE
2 S e e = N S 7 N i s 1 K s e D= S S T
Gy, 5C6) fir s o 3 48 28N T 5 78 45 1D I Pk
J7 R EE 7, 45 A TR AN [R] %) A 467 9 AL i CHE i A
AL FLARTARAL ) |, 575 5 A [ 58] 4 4 5 RS B m) Ly 2R
EA AR 0 F 07 5 38 e 53 B4 25 4345 43 0 b+ i
AN A B A
4 4k e

AR S 32 X T S AR L T R ) 2 T N 15 A Ab F R D
TR R A 2 D Re IR AR A 1 W O R AT T — T
Ay EE, AT, 5T A BE AR 5 AR L 8 A 3R T Y
Z U)fe a5 10 U5 B TR L e = B B, ROk i L 5

1026008-7



e b

EE-EHEER ‘ 244 3% 10 H3/2024 F£ 5 B/HS¥2IR

A|/\* |m¢|(/\+ (b)
1 et
o %W—ﬁg

J-Plate
B IA) .m‘/\. .
Intensi

@

propagation phase PB phase combined

y (mm)

oo @y e}

K5 ZIReil iR . (a)#"ﬁﬁﬁﬁ?‘lﬂfﬂ‘])\%ﬂ“)“ﬁ?{tﬁiﬂﬁﬁlﬁlI%T?i&?r%ﬁ;@ﬁ‘ﬁﬂ‘]ﬁﬁﬂ?ﬁW*ﬂ(ﬁ'ﬂﬁh AR (b) i VIR
FL 3 B4R 570 20 10 19 375 S OO0 A A S R TP s (o) 1 X2 52 4 S A ) 3 1T 55 AR () A0 % A [) Ty i i 5 4 =X e f il
AAET ()BT R R BE L (200 1) P R 8N UE??’FUFH’E%*H&%%%??&E|J‘J’ﬁfﬁﬁ%ﬂ‘]iﬁﬁﬂ‘iﬁkﬁ?&ﬂé%m;(e)jtﬂ%?é%ﬂ‘
JBU3 S5 X 1A A R 14 O DL B R Ol B A 8RR R P BN S SR (D) UL L0 A0 S S 5% B A B R A (] B R Ol 5 7 L

T A A A A0 £ 1 e P 5 3 T O 0 Sk 45 2R

Fig. 5 Multifunctional wavefront modulation devices. (a) Schematic diagram and test results of a device converting incident light with

different chirality into vortex light with different orders™; (b) schematic diagram of transmissive bifocal spin decoupling

consisting of V-shaped nanopore arrays™; (c) reflective spin decoupling device based on a two-layer composite phase
metasurface realizing different functions at different frequencies™; (d) efficient spin decoupling holography in terahertz band
achieved using composite phase based on efficient meta-atoms with a high aspect ratio (20: 1)"”; (e) schematic diagram of a
terahertz all-dielectric transmissive spin decoupling vector Bessel beam generator and its test results””; (f) near-infrared reflective

vector spin decoupling optical device for different orders and test results for rod and angular polarization vector vortex light"”
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Abstract

Significance Multifunctional integrated devices have become the mainstream of nanophononics research in recent years as
optical devices continue to evolve towards high capacity, multichannel, low loss and integration. Additionally, the
arbitrary manipulation of circularly polarized (CP) electromagnetic (EM) waves is significant for a wide range of
applications such as chiral molecule manipulation, imaging, and optical communication. However, conventional optical
devices composed of natural materials cannot realize multiplexing with only one optical device because they rely on the
body properties to change the propagation phase so as to modulate electromagnetic waves. As a result, conventional optical
devices are not conducive to the diversification, integration, miniaturization, and efficiency improvement of optical devices

due to the single function, system complexity, large size, and low efficiency.

Progress In recent years, metasurfaces consisting of a series of ultra-thin subwavelength artificial atoms arranged in a
specific manner in the plane have demonstrated powerful modulation of electromagnetic waves, providing a good platform
for realizing multifunctional integration. Researchers have discovered a series of exotic physical phenomena and powerful
planar optical devices by exploiting the advantages of metasurfaces, such as lightness and thinness, large degree of
modulation freedom, low loss, and easy conformality and integration. The mechanisms for modulating the phase of EM
waves based on metasurfaces can be classified into three main types including resonant phase, geometric phase, and
propagation phase. The resonant phase modulation mechanism is usually achieved by changing the geometry of the
constituent artificial atoms to shift their resonant frequencies under arbitrarily polarized incident light. The propagation
phase is realized by accumulating the phase of an EM wave as it propagates within the artificial atoms of the medium. The
geometric phase is achieved by rotating the artificial atoms to change the phase of the outgoing light, while the polarization
state of the outgoing light is opposite to the circular polarization state of the incident light. Among them, the resonance
phase and the propagation phase do not depend on the polarization state of the incident light, while the geometric phase
relies on the CP light. Typically, the three types of metasurfaces realize a single function, and it is vital to extend the
integration of device functions as the application and device integration requirements continue to increase. By changing the
geometry of the two orthogonal directions of the artificial atoms and employing the resonance phase or propagation phase to
design the resonance frequency of the artificial atoms, researchers can realize multifunctional integration of different lines of
polarized incident light under irradiation from the device, which can be completely different in free space. This type of
device is complicated by the fact that the two main axes of artificial atoms are not completely independent, resulting in
crosstalk and complex design. Due to the strong controllability of CP waves, geometric phase metasurfaces have caught
enormous research interest. However, these meta-devices exhibit locked functionalities under illuminations of CP light
with different chirality. Meanwhile, such metasurfaces for modulating CP light are also employed to achieve
multifunctional integration. This is yielded by combining several sets of geometric phases with different functions in the
same device, and thus several different functions are formed in free space under irradiation from the same CP light, which
is referred to as a “merge phase metasurface”. However, as it does not fully decouple different chirality of light, there is
still function binding and low efficiency. More recently, researchers have found that the combination of the spin-dependent
geometric phase with the resonance or propagation phase can unlock the fixed function. Such metasurfaces often referred to
as composite phase metasurfaces have been adopted to further improve device performance and integration in response to
the growing demand for integrated optics applications. Starting from the three different phase mechanisms for
electromagnetic wave manipulation by metasurfaces, we present a brief overview of resonant phase metasurfaces,
geometric phase metasurfaces, propagation phase metasurfaces, and composite phase metasurfaces, with their operating
principles, design strategies, and experimental implementations included, and recent research advances in this field briefly

discussed.
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Conclusions and Prospects Finally, we study spin-decoupled composite phase metasurfaces. Today’s multifunctional

devices are still at the laboratory stage, but in the future, they can be integrated with research in other fields to solve some
bottlenecks, such as directing incident light of different chirality to different regions on a chip for biomonitoring.
Additionally, most polarization multiplexing devices to date can only perform passive and static functions. Therefore, the
study of multifunctional devices with active tunable operation of incident waves of different polarization states will play a
vital role in future practical applications. We hope that this brief review will help readers deepen their understanding of
geometric phase metasurfaces and composite phase metasurfaces, and provide guidance for designing their components in

the future.

Key words metasurfaces; resonance phase; propagation phase; geometric phase; composite phase; circularly polarized

light; multifunction
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