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ABSTRACT: Chiral nonlinear metasurfaces could natively
synergize nonlinear wavefront manipulation and circular dichroism,
offering enhanced capacity for multifunctional and multiplexed
nonlinear metasurfaces. However, it is still quite challenging to
simultaneously enable strong chiral response, precise wavefront
control, high nonlinear conversion efficiency, and independent
functions on spins and chirality. Here, we propose and
experimentally demonstrate multiplexed third-harmonic (TH)
holograms with four channels based on a chiral Au-ZnO hybrid
metasurface. Specifically, the left- and right-handed circularly
polarized (LCP and RCP) components of the TH holographic
images can be designed independently under the excitation of an
LCP (or RCP) fundamental beam. In addition, the TH conversion
efficiency is measured to be as large as 10−5, which is 8.6 times stronger than that of a bare ZnO film with the same thickness. Thus,
our work provides a promising platform for realizing efficient and multifunctional nonlinear nanodevices.
KEYWORDS: chiral nonlinear metasurface, third-harmonic generation (THG), geometric phase control, multiplexed holograms,
hybrid nanostructure

The conversion of polarization in light−matter interactions

is usually accompanied by a phase change, which is known

as the Pancharatnam−Berry phase or geometric phase. As a

realization, linear geometric metasurfaces have been extensively

demonstrated for the wavefront shaping of light.1−6 One

important step to further exploit both copolarized and cross-

polarized components is to extend geometric the metasurface

into the nonlinear optics regime.7,8 In the past few years,

multifunctional nonlinear metasurfaces have been demonstra-

ted, most of which are based on a nonlinear geometric

phase.9−20 For example, the copolarized and cross-polarized

components of a third-harmonic (TH) beam carry geometric

phases of 2φ and 4φ when pumped with circular polarization

(CP) light. As a result, two pairs of geometric-phase distribution

sets can be encoded for different polarizations of TH beams. As

shown in Figure s1 in the Supporting Information, two

independent geometric phases can be achieved with nonlinear

metasurface, which is expressed by
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whereT is the nonlinear conversion matrix, the subscripts R and
L represent right- and left-handed circular polarization (RCP
and LCP), and A and B are the spin-dependent nonlinear
conversion amplitudes, determined by the material and
structure of the scatterer. It is observed that the elements TRR

and TLL possess identical amplitude and opposite phases, as well
as TRL and TLR. Therefore, the polarization-dependent property
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has been locked by the intrinsic property of a nonlinear
geometric phase.

To unleash the powerfulness of nonlinear geometric phases,
chiral scatterers are adopted to enable the independent
manipulation of a nonlinear geometric phase under different
pump polarizations. Ideally, the R- and L-handed scatterers only
respond to the RCP and LCP pump light, respectively. Then the
nonlinear conversion matrices of the two enantiomer scatterers
TR and TL can be expressed as
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By arranging those two types of chiral scatterers with different
orientation angles (φ and θ), four independent sets of
geometric-phase distributions can be encoded in such a chiral
nonlinear metasurface, as depicted in Figure s1c. Each set can be
separately accessed by the different combinations of the pump
and harmonic polarizations. Although chiral geometric meta-
surfaces have been frequently reported in the linear optics
regime,21−35 it is still challenging to extend them to the
nonlinear regime. Many previous works have only realized the
combination of nonlinear frequency conversion and chiral
responses.36−45 Recently, a pioneering work reported on a chiral
nonlinear metasurface exhibiting phase control, which is based
on a Trisceli- and Gammadion-type two-dimensional struc-
ture.46 However, the demonstrated phase control is still quite
elementary (beam steering).

In this work, we proposed and experimentally demonstrated a
chiral nonlinear hybrid metasurface for TH wavefront
modulation, which is composed of an Au nanohole array filled
with ZnO film. It shows a strong chiral response to LCP and
RCP light excitation, while precisely controlling the geometric
phase of TH signals. It is demonstrated that the emitted TH
signal can be controlled through four different channels
simultaneously. For both LCP and RCP excitations, the LCP
and RCP components of the TH holographic images can be

manipulated independently. The CD coefficient is determined
to be 0.38. In addition, the TH conversion efficiency is measured
to be 10−5, nearly 1 order of magnitude higher than that of the
ZnO film with the same thickness. Therefore, it offers a
promising platform to realize efficient and multifunctional
nonlinear wavefront control.

Figure 1a illustrates a pixel of the chiral Au-ZnO hybrid
metasurface. Specifically, it shows an S-shaped Au nanohole
composed of a circular hole and two nanorods, which is designed
to be on resonance with the fundamental wavelength at 1200 nm
in experiments. The diameter of the nanohole is 900 nm, and the
nanorod width and the slit in the center are both 150 nm. The
period of the Au-ZnO metasurface is 1200 nm. The sample is
fabricated on a quartz substrate, and the thickness of the Au film
is 60 nm, loaded with a 50 nm thick ZnO layer. Importantly, the
S-shaped unit can further be mirror-inversed, forming a chiral
response to the same excitation of CP light. For example, under
the excitation of RCP light, the S-shaped unit is activated while
the inversed unit is forbidden, and vice versa. Furthermore, under
RCP light excitation, there are two components of the emitted
TH signal: an RCP-TH signal with a +2φ phase factor and an
LCP-TH signal with +2φ phase factor, where φ is the rotation
angle of the S-shaped Au nanohole. θ is the rotation angle of the
inversed S-shaped Au nanohole.

Figure 1b,c illustrates themodulation principle of the Au-ZnO
hybrid nonlinear metasurface. Figure 1b shows the calculated y
component of the electric-field distribution in the S-shaped
nanohole under a linearly polarized (LP) excitation (along the x
or y axis), showing two resonance modes. It is worth noting that
Ey is the dominant component and Ex is negligible in our work
(see Figure s2). According to the simple harmonic oscillator
model, the resonant mode under x-polarized light excitation has
a longer phase delay than that under y-polarized light excitation.
Then, a phase delay of π/2 between two resonant modes can be
achieved by adjusting the size of the S-shaped nanohole. Under a
CP light excitation, both resonant modes are excited
simultaneously, introducing an additional phase delay of π/2
or −π/2. Therefore, the phase delay between two resonant
modes will be 0 or π under RCP or LCP light excitation,
respectively. Figure 1c shows the calculated Ey in the S-shaped

Figure 1. (a) Schematic illustration of the chiral responsive Au-ZnO nonlinear metasurface for TH wavefront modulation. The inset shows the shape
of the Au nanohole. The diameter is 900 nm, and the armwidth and the slit in the center are both150 nm. The thickness of the Au film is 60 nm, covered
with a 50 nm thick ZnO layer. The sample is fabricated on a quartz substrate. (b) Calculated Ey distribution in a pixel of the Au-ZnO hybrid
metasurfaces under LP excitation along the x axis and y axis. The phase difference between them is π/2. (c) Calculated Ey distribution in a pixel under
the excitation of RCP and LCP light. (d, e) AFM images of the Au metasurface and the Au-ZnO hybrid metasurfaces, respectively. (f) Measured
spectrum of the TH signal (at 400 nm) from Au-ZnO hybrid metasurfaces and the excitation light (at 1200 nm). The insert is the input−output
dependence of the excitation power and TH intensity. Both axes are logarithms. The slope of the fitted line is 3.07.
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nanohole under a CP light excitation, indicating a clear spin-
dependent distribution. This can be regarded as the addition or
subtraction of the two modes in Figure 1c. Furthermore, both
Figure 1c and Figure s3 show that the electric field is
concentrated in the center with the polarization perpendicular
to the slit (under RCP excitation). Under the LCP light
excitation, the electric field is distributed in the edge of the
nanohole, leading to a chiral response to the CP fundamental
beam.

In experiments, a filled ZnO film acts as a nonlinear material
and no TH signal can be observed in the bare S-shaped Au
nanohole under the same excitation condition. Compared with
previous works,47−49 an S-shaped Au nanohole with a much
larger gap (∼150 nm) is used in our work for filling the ZnO
film. While it inevitably lowers the peak intensity of the local
field inside the Au nanoholes, it obviously increases the overlap
region between its local field and the filled ZnO film. Since the
ZnO film is polycrystalline, it can be regarded to be isotropic,
whose TH susceptibility is written as χxxxx

(3) = χxxyy
(3) = χxyxy

(3) = χxyyx
(3) =

χ(3). Then, based on the nonlinear scattering theory,50,51 the TH
conversion matrix of a unit-cell nanostructure is calculated as
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The calculated distribution of TH intensity is shown in Figure
s3b. TheCD coefficient is defined as (IRCP

3ω − ILCP
3ω )/(IRCP

3ω + ILCP
3ω ),

where IRCP
3ω and ILCP

3ω are the total TH intensities under RCP and
LCP excitation, respectively. The calculated CD is 50% (see the
Supporting Information for further details). In addition, we have

E
E

E
E

(3 )
(3 )

( )
( )

x

y

x

y
=

(6)

This indicates that the polarization of the TH signal is the same
as that of the fundamental beam. Under a specific CP light
excitation, the polarization direction of the emitted TH signal is
always perpendicular to the slit of each unit. It results in two CP
components of TH signals, carrying the phase factors of +2φ and
+4φ for the copolarized and cross-polarized components,
respectively. Although the coupling effect between the Au

nanoholes may lead to fluctuations of the TH intensity, the
phase delay of the TH signal agrees with the theoretical results
(see Figure s4 for further discussions).

The S-shaped Au nanohole is fabricated by focused ion beam
(FIB) etching, and the ZnO film is deposited by magnetron
sputtering. Figure 1d,e shows the typical atomic force micro-
scope (AFM) images before and after ZnO film deposition,
respectively (and the SEM image is shown in Figure s5). The
thickness of the ZnO film is measured to be ∼50 nm. It is
observed that the surface morphologies are quite similar,
indicating that ZnO is well loaded into the Au nanohole array.
Figure 1f shows the measured spectrum of the fundamental
beam and TH signal, and the inset gives the input−output curve.
After the coordinates are logarithmic, the slope of the fitted line
is 3.07, which is consistent with the theory. We evaluate the TH
signal power of the sample by comparing it with a 50 nm thick
ZnO film. The power density of the TH signal of the sample is
8.6 times larger than that of the ZnO film, and then the TH
conversion efficiency is estimated to be 10−5 under 1 mW
excitation power.

A sample was used to test the chirality and phase modulation
of the Au-ZnO nonlinear metasurface. Figure 2a illustrates the
distribution of unit types. S-shaped Au-ZnO hybrids are
distributed in the first and the third quadrants, while the
inverted S-shaped hybrids are located at the second and the
fourth quadrants. Figure 2b shows the target phase distribution
of the emitted TH signals on the sample surface. It indicates a
gradient phase variation along the x axis, leading to 5 and 10°
deflections for the component of the TH signal with +2φ and
+4φ phase factors, respectively. Figure 2c,f presents the
measured TH intensity distribution on the sample surface (z =
0 μm) under the excitation of RCP and LCP light, respectively.
Clearly, the TH intensities are different in different quadrants,
which can be switched on/off by CPL excitation. The CD
coefficient of the TH signal is measured to be 0.38, which is less
than the theoretical value. This is attributed to the irregular
nanostructures of the ZnO film in the Au-ZnO hybrids caused
by processing, leading to an unexpected TH background that
lower the CD coefficient (see Figure s6). However, most of
these background TH signals do not carry any phase
information, which are randomly and uniformly scattered into
the space without causing the quality degradation of holographic
imaging. Furthermore, Figure 2d,e presents the RCP and LCP
components of emitted TH signals (at z = 600 μm) under the

Figure 2. (a) S-shaped Au-ZnO nanoholes (RCP responsive) are in the 1 and 3 quadrants and inversed S-shaped Au-ZnO nanoholes (LCP
responsive) are in the 2 and 4 quadrants. (b) TH phase distribution of TH signal with +2φ and +4φ phase factors at the Au-ZnO hybrid metasurfaces.
(c, f) TH intensity distribution on the sample surface under RCP and LCP excitation. (d, e, g, h) Different components of the TH signal at 600 μm
under RCP and LCP excitation. Note that, the LCP component of the TH signal under RCP excitation is labeled RCP-LCP.
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excitation of RCP light, respectively. The deflected angle of the
RCPTH component is determined to be 5°, which is half of that
of the LCP TH component (10°). Since the RCP and LCP TH
components carry phase factors of +2φ and +4φ in principle, the
experimental results show a good agreement with the theory.
Figure 2g,h presents the RCP and LCP components of emitted
TH signals (at z = 600 μm) under LCP light excitation, which
are related to Figure 2e,d, respectively. In addition, it is observed
that some weak TH signals are propagated without deflection,
which may be ascribed to the structural errors. More detailed
information can be found in Supporting Information.

The four-channel control of the TH signal is further
demonstrated. Figure 3a shows the phase distribution of the
TH signal on the sample surface. The holographic imaging plane
is designed to be 600 μm away from the sample (z = 600 μm).
Since all the pixels are S-shaped Au nanoholes, it is switched on/
off under RCP/LCP light excitation, respectively. Figure 3b

illustrates the target pattern “HUST”, which is the short form of
“Huazhong University of Science and Technology”. Specifically, the
“HU” pattern is an LCP component with a phase factor of +4φ,
while the “ST” pattern is an RCP component with a phase factor
of +2φ. It is worth noting that the position of the holographic
image is designed to be slightly off-axis to avoid the influence of
the background TH signal. Figure 3c presents the total TH
intensity distribution, while Figure 3d,e gives the extracted LCP
and RCP components of emitted TH signals, respectively. It is in
good agreement with the theoretical designs. One can see that
the intensity of the RCP component (“ST”) of the holographic
image is weaker than that of the LCP component (“HU”). This
is because, under the excitation of RCP light, the electric field in
the center slit of the Au nanohole has larger LCP components,
which can be corrected by considering the different weights of
both components in the design. As the excitation polarization is
changed to LCP, the S-shaped pixels of the Au-ZnOmetasurface

Figure 3. (a) TH phase distribution at the Au-ZnO hybrid metasurfaces. The target holographic images are measured at 600 μm from the sample. (b)
The target hologram image. The pattern “HU” is the LCP component, and the pattern “ST” is the RCP component. (c−e) Measured holographic
images: (c) total TH signals; (d, e) RCP/LCP components of TH signals.

Figure 4. (a) TH phase distribution at the Au-ZnO hybrid metasurfaces. (b) Illustration of the metasurfaces. The S-shaped Au-ZnO nanoholes (RCP
responsive) are in the white area, and the inversed S-shaped Au-ZnO nanoholes (LCP responsive) are in the gray area. (c) Target images of holograms.
“H”, “U”, “S”, and “T” correspond to the combinations of the polarization of the excitation and TH signals. (d, g) Measured TH signal distributions on
the sample surface under RCP and LCP excitation. (e, f, h, i) Different components of the TH hologram signal under RCP and LCP excitation. The
LCP component of the TH signal under RCP excitation is labeled RCP-LCP.
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are switched off. Hence, there are no holographic images on
both sides of the sample and only background noises can be
observed.

Figure 4a shows the designed TH phase distribution of the
sample. Under the excitation of the LCP (or RCP) fundamental
beam, LCP and RCP components of the TH holographic images
can be designed independently. Figure 4b shows the arrange-
ment of normal and reversed S-shaped units. Under the
excitation of a specific CP light, only one type of the unit can
be switched on, resulting in a TH intensity pattern on the sample
surface. Furthermore, the TH pattern is divided into four
regions, and the adjacent regions are inverted to ensure that the
areas of normal and inversed S-shaped units are equal for any
patterns. Figure 4c illustrates the target pattern. The four-letter
pattern corresponds to the different polarizations of the
excitation light and the emitted TH signals, which can be
regarded as four information channels. Under RCP light
excitation, the pattern “HU” is observed. Specifically, the
pattern “H” is the CP component of the TH signal, while the
pattern “U” is the LCP component. Under LCP excitation, the
pattern “ST” is observed. The pattern “S” is the RCP
component, while the pattern “T” is the LCP component. The
intensity of the holographic image can further be improved by
correcting the intensity difference between the RCP and LCP
components of the TH signal in each unit. Figure 4d,g presents
the imaging on the sample surface under RCP and LCP light
excitation, respectively. Complementary images are generated
separately. Figure 4e,f,h,I shows the holographic images from
four channels. The image intensity remains the same after
precorrection. The pattern of the additional channel is
independently controllable, so that this metasurface can carry
more information. In the future, the TH conversion efficiency of
the hybrid nonlinear metasurface could be further enhanced by
replacing the ZnO with other efficient nonlinear materials. The
CD coefficient could be improved by filling nonlinear materials
only into the slit with an advanced processing technique, and the
pixel density could also be improved because the coupling effects
between units are significantly attenuated. Also, the CD
coefficient might be improved by a purposely designed SPP
coupling mode.52

In conclusion, we proposed and experimentally demonstrated
multiplexed TH holograms with four channels based on a chiral
Au-ZnO hybrid metasurface. Under the excitation of an LCP (or
RCP) fundamental beam, LCP and RCP components of the TH
holographic images can be designed independently. Further-
more, the TH signal from each pixel of the Au-ZnOmetasurface
can be switched on (or off) under LCP (or RCP) excitation,
forming a specific TH intensity pattern on the sample surface.
The result indicates that the CD coefficient of circular dichroism
is 0.38 and the TH conversion efficiency is estimated to be 10−5,
which is 8.6 times larger than that of a ZnO film of the same
thickness. This new type of nonlinear hybrid metasurface,
combining precise phase control, circular dichroism, and an
enhanced nonlinear conversion efficiency, provides a promising
platform to realize efficient and multifunctional nonlinear
wavefront control.
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