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ABSTRACT: Spin light (i.e., circularly polarized light) manipu-
lation based on metasurfaces with a controlled geometric phase
(i.e., Pancharatnam−Berry (PB) phase) has achieved great
successes according to its convenient design and robust perform-
ances, by which the phase control is mainly determined by the
rotation angle of each meta-atom. This PB phase can be regarded
as a global effect for spin light; here, we propose a local phase
manipulation for metasurfaces with planar chiral meta-atoms.
Planar chiral meta-atoms break fundamental symmetry restrictions
and do not need a rotation for these kinds of meta-atoms to
manipulate the spin light, which significantly expands the
functionality of metasurface as it is incorporated with other
modulations (e.g., PB phase, propagation phase). As an example,
spin-decoupled holographic imaging is demonstrated with robust and broadband properties. Our work definitely enriches the design
of metasurfaces and may trigger more exciting chiral-optics applications.
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Metasurfaces, composed of subwavelength artificial atoms,
possess unprecedented ability to manipulate the

amplitude, phase, polarization, and spectral response of the
light.1−3 Versatile fascinating functionalities have been
demonstrated, such as metalens,4−6 meta-holograms,7−9 wave-
plates,10,11 etc. They were implemented by flexible meta-atom
designs based on wavelength-dependent resonances,1,12−14 a
circular polarization-dependent PB phase,15 and a high
nanopost-induced dynamic phase (i.e., propagation phase)16

both in metallic and all-dielectric metasurfaces. Since each
method has its advantages and disadvantages,17 they are
developing a path to work in joint manipulations for
implementation of complex functions and better perform-
ances.15,18−21

As for circularly polarized (CP) light, PB phase with the
capability of achieving a full phase control by arranging the
orientation angle (θ) of the anisotropic antennas (acting as half
waveplates) is the most popular method to realize the wave
manipulation for its convenience and relative robustness
against the antennas size and roughness. However, there are
fundamental symmetry restrictions between two CP light
phases, resulting in limited functions. For example, if a focusing
phase profile is designed with respect to RCP light, it turns to
divergent for the LCP light. Considerable efforts have been
devoted to break the symmetry and realize the spin-decoupled
functions, including interleaved meta-atoms both based on PB
phase,22−28 the combination of PB phase with dynamic
phase,15,19,29− and others.37−40

In this work, we develop a new route for the phase
manipulation of metasurfaces based on the C2-symmetric
nanoantennas (so-called chiral meta-atoms), based on which
two orthogonal CP light phases can be modulated
independently. Different holograms are presented in high
performances as the spin switched. In addition, these chiral
meta-atoms could also be collaborated with PB phase, which
provides more possibilities for chiral applications. This
engineering of chiral meta-atoms promises the full potential
for spin light manipulations and suggests new optical devices
and applications.
The current construction of metasurface in visible or near-

infrared regions is usually composed of anisotropic nanorods.
Under linearly polarized (along with one of its axes)
illuminations, only the induced current (conductive current
in metal meta-atoms or displacement current in dielectric
meta-atoms) in the same direction can be excited due to the
intrinsic mirror symmetry, as the schematics show in Figure
1(a), where the red arrows represent the induced current.
Thus, there is no phase shift for CP light, which is only
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achieved by rotating the meta-atoms for the phase control (i.e.,
PB phase). On the contrary, if the mirror symmetry and n-fold
(n > 2) rotational symmetries41 of the meta-atom are broken
(e.g., Z-shaped meta-atom, see Figure 1(b)), then the current
in the orthogonal direction will come into play and would lead
to a phase shift for different CP light. Thus, there is no need of
rotation for these kinds of meta-atoms to manipulate the spin
light.
Normally, a planar anisotropic dielectric meta-atom with

subwavelength height can be modeled as an electric dipole in
the x−y plane. Considering the illumination of CP light, its
radiation electric field E in a reflection/transmission way
becomes (detailed derivation can be found in Supporting
Information Sec. I):

E
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αyx, and αyy are the corresponding components of the electric
polarizability tensor. The variable σ = ±1 represents the
incident RCP and LCP. The variables s+ and s− are the unit
vectors of the circularly polarized light when the incidence is
perpendicular to the x−y plane. R is the distance from the
dipole, c is the light speed in vacuum, ε0 is the permittivity in
vacuum, and ω is the frequency of the light.
For meta-atoms that satisfy planar mirror or n-fold (n > 2)

rotational symmetries, as a nanorod shown in Figure 1(a), their
cross components αxy & αyx = 0, and there is no phase delay
difference between the incident CP light and its orthogonal
polarization state. However, for a chiral meta-atom, there
comes αxy & αyx ≠ 0, and the phase delays of the cross-CP light
with different CP light incidence diversify. As shown in eq 1,
when the handedness is switched, the phase shifts of the
transmitted and converted CP light are reversed accordingly. It
is further confirmed by simulations of the corresponding
periodic meta-atoms based on silicon at the wavelength of 980
nm using Lumerical software (see Supporting Information Sec.
II for details). The influence of meta-atoms symmetry on phase
shifts for different CP light is well demonstrated, as the
simulation results are shown in Figure S1.
To fully investigate the phase delays of the chiral meta-atom,

we generalized the Z-shaped meta-atom model with multiple
structural parameters (labeled in Figure 1(c)). This provides us
with wide parameter spaces to achieve flexible control of the
light field. Here, key parameters marked in black, i.e., l1, w2,
and d, are variables, corresponding to the length of the middle
rod, the arm length on each side, and the spacing between

Figure 1. Illustration of chiral meta-atoms for wave manipulation.
Schematics of (a) a planar meta-atom with mirror symmetry, (b) a Z-
shaped meta-atom which breaks mirror symmetry and n-fold (n > 2)
rotational symmetry (i.e., chiral meta-atom), and (c) a general Z-
shaped meta-atom for more structural degrees. Parameters marked in
black are variables, while the ones in purple remain unchanged. The
red arrows in (a−c) mark the direction of the current flow excited by
y-polarized electric field. (d) Schematics of a metasurface made of
chiral meta-atoms without rotation for spin-decoupled hologram,
where two irrelative holographic images are displayed according to
different CP illuminations.

Figure 2. (a) SEM micrograph of the metasurface composed of chiral meta-atoms for hologram imaging. Scale bar: 500 nm. Measured hologram
imaging (without cross-polarization analysis) with RCP incidence at the wavelengths of (b) 980, 1050, 1100, and 1200 nm. Scale bar: 20 μm. (c)
Measured diffraction efficiency at different wavelengths.
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them. Other parameters marked in purple (w1, l2) keep fixed
for the unification of the feature size in the fabrication process.
Arranging different chiral meta-atoms in suitable positions
enables sophisticated wavefront manipulation. Figure 1(d)
illustrates the schematic of spin-decoupled hologram imaging
based on chiral meta-atoms (marked in a yellow dotted box) in
a transmission way.
The efficiencies and phase retardation of different chiral

meta-atoms are obtained by full-wave simulations. The meta-
atom material is amorphous silicon with the height (h) of 800
nm, and the substrate is fused silica. The wavelength of CP
light (λ) is chosen as 980 nm. The unit cell period is set as 500
nm to meet the Nyquist sampling criterion42 to avoid the
unwanted diffraction orders. This kind of meta-atom satisfies
C2 symmetry. The variables w1 and l2 in Figure 1(c) are set as
80 nm. Figures S2(a−c) display the diffraction efficiency
(converted CP light/total transmitted light) distribution in the
parameter space which consisted of w2 and l1 when d = −40, 0,
and 40 nm. Meta-atoms with high conversion efficiency
account for a large proportion. The corresponding phase delay
distributions are shown in Figures 2S(d−f), which is sufficient
to achieve full phase control.
For a basic demonstration of phase modulation capability by

such kind of chiral meta-atoms, a meta-hologram was designed
to generate an image of “NJU” (abbreviation of Nanjing
University) at a 100 μm distance, which was successfully
obtained in experiments. The phase profiles yielding the
hologram image is computed using Gerchberg−Saxton
iterative phase retrieval.43,44 To obtain precise phase control,
36 different meta-atoms were selected to cover the 2π phase
range, and all the selected unit elements are listed in Table S1.
The scanning electron microscopy (SEM) image of the
fabricated sample (D = 250 μm) is shown in Figure 2(a),
consisting of different Z-shaped meta-atoms (sample fabrica-
tion can be seen in Supporting Information Sec. IV). The
sample is illuminated by a laser beam with a wavelength of 980
nm. A linear polarizer (LP) and a quarter-wave plate (QWP)
are utilized to generate CP incidence. A near-infrared (NIR)
camera (Xeva-1.7-320) is employed to capture the light
intensity profile through a microscope objective. The measured
hologram image at λ = 980 nm is displayed in Figure 2(b),

clearly showing the letters “NJU”. Given the mismatch
between the designed and the fabricated meta-atom sizes
(∼30 nm deviations, the detailed measurement can be seen in
Figure S5), this indicates the robustness of the proposed phase
modulation. Moreover, the chiral meta-atom design is also
considerably insensitive to the working wavelengths that
indicates a broadband property (see Figure 2(b)). This
phase modulation depends on the charity parameters (αxx,
αxy, αyx, and αyy), which are mainly determined by the
geometric symmetry and not very sensitive to wavelength and
small structural fluctuations in such a subwavelength and
nonresonant circumstance. The diffraction efficiency (the
transmitted power divided by the power of hologram images,45

which is directly related to the signal-to-noise ratio) of the
metasurface is very high, with an average efficiency to 88% for
the wavelength of 980 to 1400 nm (see Figure 2(c)). Thus, we
do not need another pair of LP and QWP for cross-
polarization analyses. The average optical efficiency (power
of the letters divided by the total incident power) is calculated
about 60%, which is not very high due to the low transmittance
(68%). It can be enhanced through improving the fabrication
technology to form smoother sample surfaces or by changing
the material and working bandwidth to have lower absorption.
More importantly, this design can be utilized for

independent control of two CP light phases. As illustrated in
eq 1, ideally (a chiral meta-atom with subwavelength height),
the phase response is opposite for scattered CP light as the
helicity of incidence is swapped. In that situation, if the meta-
device is designed to diffract to 30° for RCP light, it then will
diffract to −30° for LCP light, which is similar to that based on
PB phase, as shown in Figure S3. Notably, if such kind of
dielectric meta-atoms shown in Figure 1(c) have wavelength-
scale height, there may be other modes excited at the same
time.46 Contributions from other modes could all be attributed
to the dynamic phase. Then, the phase response of such chiral
meta-atom is no longer completely positive and negative
related (see Figure S1(d)) but is still relevant (not the same)
because the dynamic phase contributes almost equally to both
RCP and LCP light. Then, the Jones matrix of such chiral
meta-atoms under the circular base can be written as

Figure 3. Spin-decoupled holograms with chiral meta-atoms. (a) Simulated diffraction efficiency distribution with selected meta-atoms marked in
red. (b) SEM micrograph of the metasurface. Scale bar is 2 μm. Experimental results with (c) RCP incidence and (d) LCP incidence without
analyzers, and corresponding results (e, f) at λ = 1200 nm. Scale bar is 20 μm.
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where φχLR and φχRL refers to the different phase delays of
chiral meta-atoms for the working RCP light (LCP incidence)
and LCP light (RCP incidence), respectively (|φχLR| ≠ |φχRL|).
Hence, we are ready to access the spin-decoupled functions

by carefully choosing the chiral meta-atoms, as exhibited in
Figure 1(d). Figure 3(a) shows the phase delays (φχLR and
φχRL) and average efficiency distribution with different chiral
meta-atoms. By choosing appropriate meta-atoms from the
phase parameter space, the efficiency can be as high and
uniform as possible. It is worth mentioning that avoidance of
circular dichroism47−49 could be helpful for the independent
manipulation of CP light, both with high efficiencies. To avoid
too many different meta-atoms, we only consider 8-grade
phase control for one kind of spin light here, and then, the
selected 64 kinds of meta-atoms with required phase delays
and high efficiencies are marked in red balls. The specific
parameters are listed in Table S2.
As a proof of concept, a spin-decoupled hologram

metasurface is designed, fabricated, and demonstrated
experimentally. For RCP incidence, the projected cross-CP
hologram image is set as the four letters of “CEAS”
(abbreviation of College of Engineering and Applied Sciences),
while, for LCP light incidence, it is “NJU” at the same position.
The SEM image of the fabricated metasurface (D = 250 μm) is
shown in Figure 3(b), which also consisted of different Z-
shaped chiral meta-atoms. Similarly, the difference between the
actual (140 nm for the marked size) and the designed
dimension (80 nm) proves its robustness as well. Different
from the polarization multiplexed metasurfaces with inter-
leaved meta-atoms,22−28 here every single chiral meta-atom
makes contributions to both types of scattered CP light. The
transmitted intensity profiles under RCP and LCP light
illumination without any analyzer in the projected plane are
shown in Figures 3(c) and 3(d), respectively. Both examples of
the imaging letters can be clearly identified, showing the

capability of independent phase manipulation for the spin light.
The hologram efficiency (the power of the letters divided by
total transmitted light) is calculated as 74% and 81%,
respectively. The total transmittance is measured about 52%,
nearly the same as the metasurface designed for one CP light.
Figure 3(e) and 3(f) illustrate the captured images at λ = 1200
nm, and the corresponding efficiencies are 75% and 89%,
manifesting the broadband properties. Note that the degraded
image quality in Figure 3(e, f) attributes to the inhomogeneous
field intensity though it has comparable and even higher
diffraction efficiencies than those in Figure 3(c, d). It is rightly
due to the shift of the working wavelength away from the
designed 980 nm. The homogeneity of field intensity is also an
important factor in evaluating the image quality. In this regard,
although our metasurface has a broadband property, its
holography performances will decrease at other wavelengths.
Combining the phase response of chiral meta-atoms with PB

phase (CPP), i.e., rotating the chiral meta-atoms, would also
provide a novel method for independent manipulation of RCP
light and LCP light. The Jones matrix here becomes
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rotation matrix in the circular base. The specific phase design
principle is as follows:
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φ φ φ

φ φ φ

= − +

= +

χ

χ (4)

where φR is the desired phase profile for the converted working
RCP light and φL is the one for the LCP light. φPB is the
contribution from the global meta-atoms rotation (2θ),
opposite for CP light with different handedness.

Figure 4. Spin-decoupled holograms with other methods of combing different principles. Simulated diffraction efficiency distribution with selected
meta-atoms, which are marked in red for both the (a) CPP (chiral meta-atoms and PB phase) and (b) DPP (dynamic phase and PB phase)
methods. SEM micrograph of the metasurface based on the (c) CPP and (d) DPP methods from a top view, where the scale bar is 1 μm.
Experimental results with (e) RCP incidence and (g) LCP incidence based on the CPP method without analyzers, and corresponding results (f, h)
based on the DPP method, where the scale bar is 20 μm.
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A similar spin-decoupled hologram metasurface is designed
to demonstrate the method experimentally. φL(x,y) and
φR(x,y) are the calculated phase profiles for the hologram
images (φL(x,y) for “CEAS”, φR(x,y) for “NJU”). Substituting
φL(x,y) and φR(x,y) into eq 4, one could obtain the required
structural chiral phase and the PB phase distributions. Figure
4(a) exhibits that the simulated average efficiency (RCP and
LCP) distribution in the parameter space consists of φχLR(x,y)
+ φχRL(x,y) and φχRL(x,y) with selected meta-atoms marked in
red (also listed in Table S3). Figure 4(c) shows the SEM
image of the hologram metasurface (D = 250 μm). For RCP
incidence, the total transmitted intensity profile in the
projected plane is illustrated in Figure 4(e), where the four
letters “CEAS” can be clearly recognized as well, indicating a
high hologram efficiency of 83%. When the helicity of
incidence is switched, the image swaps to “NJU” in the same
position with nearly no crosstalk. The corresponding
experimental result for LCP incidence is illustrated in Figure
4(g). The holography efficiency is calculated to be about 82%,
almost equivalent to that of RCP incidence. Compared with
the mechanism based on chiral meta-atoms without rotation,
this method could reduce the number of meta-antennas with
the same phase change order, while at the cost of the design
complexity.
Another method utilizing different modulation principles,

i.e., dynamic phase and PB phase, DPP16,19,29− is widely
adopted for independent control of CP light. For comparison,
a similar metasurface based on the DPP method was also
designed and fabricated. The specific design principle can be
found in Supporting Information Sec. VI. Figure 4(b) also
illustrates the simulated efficiency distribution of the nanorods
which have no planar chirality50 in regards to the phase shifts.
The meta-atoms with the highest efficiencies that meet the
phase requirements (listed in Table S4) are selected and
marked in red. However, it is still inevitable to choose the
meta-atoms with lower efficiencies (the red ones in the lower
area). Comparing Figure 4(a) with 4(b), it can be found that
the total efficiency distribution based on the CPP method is
much higher (with an average efficiency of 71%) and has better
uniformity than that of the DPP method (with an average
efficiency of 30%), due to wider parameter spaces. The SEM
image of the metasurface based on the DPP method is shown
in Figure 4(d), composed of different nanorods with different
rotations. The corresponding experimental results are shown in
Figure 4(f) and 4(h), with obviously lower intensity profiles
than that based on the CPP method. The measured diffraction
efficiencies based on the DPP method are 65% for CEAS and
71% for NJU, respectively, indicating results 10−20% lower
than that based on the CPP method. As the semblable method
of combining different principles, the better performances of
the CPP method are attributed to the meta-atom efficiency
advantages and fabrication robustness of the Z-shaped chiral
meta-atoms. Our results evidently demonstrate the advantages
of directly regulating CP light based on chiral meta-atoms.
In summary, we have demonstrated a new wavefront

manipulation method based on chiral meta-atoms, which can
be used to achieve the independent control of the CP light, as
has been verified by spin-decoupled holograms with high
performances. By combining the phase modulation of chiral
meta-atoms and PB phase, the same functions can also be
implemented with fewer types of meta-atoms. The compati-
bility indicates that chiral meta-atoms can be incorporated with
other means to realize more complex functionalities. This work

definitely enriches the working principle in metasurfaces design
that is beneficial to further improve the performance of meta-
devices and inspires new explorations in meta-design and
applications.
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