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Multi-fold Phase Metasurface Holography Based on
Frequency and Hybrid Decoupling Polarizations

Hongqiang Zhou, Chongli Zhao, Cong He, Qiang Jiang, Hongbo Wang, Ruizhe Zhao,
Tianlong Man, Yuhong Wan,* Guangzhou Geng,* and Lingling Huang*

Metasurfaces are artificially intelligent planar optical devices that can realize
excellent functions by optimizing the design of nanostructures and arrays.
Metasurfaces have become the preferred approach for fabricating integrated
and compact optical systems with micro- and nano-scale solutions for
realizing multi-dimensional modulated optical devices. Herein, the realization
of multi-fold phase holography is demonstrated by combining switchable
optical frequencies with hybrid circular and linear polarization states. The
original holographic phase distribution can be inversely optimized using an
adaptive momentum gradient descent algorithm. Furthermore, completely
different images can be reconstructed when the phase values are several
times the original values. The multi-fold phase modulation can be achieved by
optimizing the structural distribution of the dielectric metasurface with the
incident changeable light frequency and decoupled circular and linear
polarization. Different polarization combinations enhance the flexibility of
multiple holographic modulations. This technology provides new solutions for
dynamic multi-fold beam directional refraction and excitation, orbital angular
momentum communication, multi-fold holographic displays, optical
encryption and camouflage, light switching, and shaping.

1. Introduction

The optical frequency, phase, and polarization state play im-
portant roles in modulating the degrees-of-freedom of light.
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In several fields, parameters such
as optical frequency and polariza-
tion must be modulated for full-color
holography or displays,[1] polarization
cameras,[2–6] spectrometers,[7–9] and other
applications.[10–12] Conventional optical
components can control only a single
variable, and complex systems must be
integrated to achieve multi-parameter mod-
ulation. As a novel optical platform, meta-
surfaces can facilitate arbitrary optical field
manipulation via elaborate engineering of
meta-atoms, which represents a significant
revolution in comparison with their 3D bulk
metamaterial counterparts.[13–16] Metasur-
faces with ultrathin planar sizes can control
multiple degrees-of-freedom of light
synchronously or asynchronously.[17–24]

After extensive research and develop-
ment, metasurfaces have been applied in
multiple fields, including metalenses for
visible and infrared imaging and telephoto
detection,[25–29] optical computing,[30–34]

optical neural networks,[35–38] holographic
displays,[39–42] and nonlinear optics.[43–45]

In particular, metasurface holography can address the challenges
observed in conventional digital or optical holography using in-
telligent algorithms; these challenges include a large field of
view, elimination of unnecessary diffraction, high-quality signal-
to-noise ratio, and integration.

Previous studies on metasurface holography have reported
that phase-type metasurfaces occupied a dominant position.[46–48]

Multi-channel metasurfaces with a combination of amplitude,[49]

polarization,[50–53] wavelength,[54,55] and other parameters can re-
alize full-color or grayscale nano-printing and other excellent
designs. The variable quantitative multi-fold phase can mod-
ulate beam refraction, optical switching, and holographic dis-
plays. However, achieving quantitative multi-fold phase modula-
tion requires the stimulation of the nonlinear effects of nanofin
arrays.[56] Thus far, the excitation of nonlinear effects on nanos-
tructures has often required stringent experimental conditions,
such as high laser power and extremely accurate antenna size.
Moreover, the weak radiant power of harmonics increases the dif-
ficulty of detection, and the energy distribution is often unequal
in multi-fold phase modulation when diffraction grating is used.

In this study, we propose a multi-fold phase holographic dis-
play strategy that can generate double-, triple-, six-fold, or other
phase-only holography through the quantitative multiplication
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of a basic phase map. This utilizes a single dielectric metasur-
face with the hybrid decoupling of circular/linear polarizations
and frequencies. We used the built-in adaptive momentum op-
timization (Adam) algorithm of TensorFlow (version 2.0) to con-
struct a multi-fold phase hologram generation algorithm loop.
Four completely different reconstructed images were obtained by
optimizing the basic phase map and its multi-fold phase maps.
The folded phase distributions were then assigned to different
light frequencies and hybrid decoupling polarization state combi-
nations. The metasurface achieved multi-fold phase holographic
control by changing the frequency and polarization of the inci-
dent light. Four combinations of discrete light frequencies, cir-
cularly polarized light, and linearly polarized light were selected
for phase-type holography. First, a metasurface was designed to
determine the phase distribution of a circularly polarized decou-
pling combination at a wavelength of 800 nm; the left-handed
circularly polarized channel modulated the basic phase map,
whereas the right-handed circularly polarized channel served as
a triple-phase modulator. Because the circular polarization mod-
ulation was based on the geometric phase decoupling principle,
the rotation angles of the nanofins were determined. When the
incident light was tuned to a wavelength of 1000 nm, the phase
map was modulated at other times using orthogonal linear polar-
ization decoupling channels. The horizontal linear polarization
channel modulated the phase map twice, whereas the vertical
linear polarization channel modulated the phase map six times.
Therefore, a single metasurface realized schemes in which arbi-
trary multi-fold phase maps were quantitatively induced by the
incident frequency and polarization. Such schemes can open up
new possibilities for multi-fold phase modulation in optical com-
puting, optical communication, dynamic holographic displays,
and multifunctional integrated polarized imaging devices. We be-
lieve that the study can enhance the methods used for light phase
modulation and significantly expand the applications and devel-
opment scope of metasurfaces, providing valuable insights for
the future design of holographic metasurfaces.

2. Methods and Results

Figure 1 depicts a schematic of multi-fold phase holography
induced by frequency and polarization. The basic phase dis-
tribution is optimized using the Adam algorithm, and the K-
fold phase can achieve a completely different reconstruction.
The phase maps are then matched in different frequencies and
polarization channels. The dielectric nanofin arrays were com-
bined on the silica substrate, and two holograms were recon-
structed by illuminating wavelength 𝜆1 in two cross-circular po-
larization channels (i.e., left-handed circular polarization (LCP)
for incidence/transmission to the right-handed circular polariza-
tion (RCP) condition and vice versa). When the incident light
wavelength changed to𝝀2, these anisotropic rectangular nanofins
functioned as phase contributors to the co-polarization channel
for K-fold holograms. This scheme was experimentally verified
by generating four different K-fold phase holographic images
(K = 1, 3, 2, 6) in the near-infrared wavelength range in the cross-
polarization channel (Trl/Tlr, 𝝀1 = 800 nm) and co-polarization
channel (Txx/Tyy, 𝝀2 = 1000 nm).

The Adam optimization algorithm plays a vital role in gen-
erating the multi-fold phase hologram. We developed an opti-

Figure 1. Concept of multi-fold phase holography induced by frequency
and polarization. (LP: linear polarization; CP: circular polarization; and K:
phase fold number).

mization loop for generating multi-fold phase-only holograms
(Figure 2). First, a random phase 𝜑 was generated and mul-
tiplied by different multiples of K, resulting in K-fold phases.
Specifically, multi-fold holograms were obtained from the basic
phase map multiplied by K-folds and wrapping. The obtained K-
fold phases were used for holographic reconstruction. In general,
holographic reconstruction from holograms to the object plane
can be expressed using a Fourier transform. The mean squared
errors (MSEs) of the four quantitatively reconstructed holograms
were calculated using the ground truths as labels. The four MSEs
were synchronously collected as metrics for phase updating in
the optimization loop. This generated an optimized basic phase
hologram via finite adaptive momentum calculations. The MSEs
between the reconstructions and ground truths can be calculated
as follows:

Er =
∑

i

(|||ℑ (
Aej𝜑i

)|||2 − Gi

)2

(1)

Figure 2. Principle of the multi-fold phase hologram algorithm. Adam op-
timization is the adaptive momentum estimation optimizer used for basic
phase distribution.
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where𝜑i denotes the 2D phase distribution in the spatial domain;
A represents the amplitude of the hologram, which is uniform
with A = 1; ℑ indicates a 2D Fourier transform operation; and
Gi represents the label. i means the number of holograms. The
proposed algorithm serves as an efficient and straightforward ap-
proach for designing phase profiles for multi-fold phase metasur-
faces.

According to the aforementioned loop algorithm, both the fre-
quency and polarization were selected for multi-fold phase holo-
graphic demonstrations. When the illumination wavelength is
incident on the metasurface, the output light field Eout is uniquely
determined as expressed by the Jones matrix:

Eout = J (𝜃) Ein (2)

Each nanofin satisfies the unity matrix as a J-plate, and Ein rep-

resents circular polarization incidence, Ein =
[

1
±i

]
. Owing to the

application of circular and linear polarizations at two incident fre-
quencies, the rotation angle of the nanofin (𝜃) on the metasurface
can be determined for polarization conversion. Therefore, Equa-
tion (2) can be expressed as

Eout = R−1 (𝜃) TR (𝜃) Ein (3)

where R(𝜃) denotes the rotation matrix of the J-plate, and T =[
Axei𝜑xx 0

0 Aye
i𝜑yy

]
with Axei𝜑xx and Aye

i𝜑yy indicating the eigenvec-

tors of the nanofins. Furthermore, each nanofin transmission
can be inversely deduced using Equation (3), as follows:

T = R (𝜃) EoutE
−1
in R−1 (𝜃) (4)

According to circular polarization decoupling, the RCP and
LCP outputs exhibit completely independent phase distributions
in the LCP and RCP incidences, respectively. Therefore, the tar-
get output light-field distributions Eout are endowed with K-fold
phase holograms (K = 1, (𝜑1); K = 3, (𝜑3)). The decoupling phase
satisfies the combination of the resonance and geometric phases.
Therefore, the total number of phases can be expressed as fol-
lows:

𝜑1 = 𝜑0 + 𝜑PB

(
Trl800

)
𝜑3 = 𝜑0 − 𝜑PB

(
Tlr800

) (5)

where 𝜑0 denotes the initial phase in the circular polarization il-
lumination, 𝜑PB indicates the geometric phase obtained from the
cross-polarization conversion, Trl represents the RCP incidence
and LCP output, and Tlr denotes the reverse polarization. The
geometric phase introduced by circular polarization inversion is
known to be a conjugate. The initial and geometric phases can be
expressed using Equation (6).

𝜑0 =
𝜑1 + 𝜑3

2
;𝜑PB =

𝜑1 − 𝜑3

2
(6)

The nanofin rotation angle was half of the geometric phase
value. The other K-fold phase distributions were arranged using
a new incident frequency. After obtaining the eigenvectors using

Equation (4), the minimum phase differences between the trans-
mission phases Txx and Tyy of the nanofin (K = 2, (𝜑1 × 2 = 𝜑2);
K = 6, (𝜑1 × 6 = 𝜑4)) were selected at diverse working light fre-
quencies. The selected matrix value L can be presented as

L = min
(||𝜑0 − 𝜑rl800

|| + ||𝜑2 − 𝜑xx1000
|| + |||𝜑4 − 𝜑yy1000

|||
)

(7)

where min denotes the minimum value of the function, 𝜑rl800 is
the cross-circular polarization transmission at an incident wave-
length of 800 nm, and𝜑xx1000 and𝜑yy1000 are the co-linear polariza-
tion transmissions at a wavelength of 1000 nm. The linear trans-
mission phase could not be changed because of the confirmed
rotation of the nanofin. Based on the above discussion, the decou-
pling minimum values were obtained via the phase differences
between the cross-circular and linear polarization states at the
two incident frequencies using Equations (4)–(7).

To satisfy the multi-fold phase modulation condition at the
two frequencies, we swept the anisotropic structural parameters
(Figure 3a). Anisotropic rectangular nanofins were selected with
the length and width ranging from 80 to 300 nm. The geometric
dimensions of each rectangular nanofin were determined con-
sidering its transmission phase, whereas the rotation angle was
defined by its geometric phase. Full-wave simulations were con-
ducted using the commercially available finite-difference time-
domain method. We conducted a simulation analysis using the
finite-difference time-domain (FDTD) method to explore flexion
behavior with changes in geometric size. First, the lattice period
was maintained at 450 nm, and the height of the anisotropic
rectangular nanofins was set to 1000 nm. The lengths of the
nanofins ranged from 80 to 300 nm, with a step size of 10 nm.
Figure 3b,c illustrates the cross-circular polarization conversion
intensity and phase maps at an incident wavelength of 800 nm.
Figure 3d,e depicts the co-linear horizontal polarization intensity
and phase maps at an incident wavelength of 800 nm. A silicon
metasurface with a height of 1000 nm exhibits different trans-
mittances at different incident wavelengths. Figure 3f,g depicts
the co-linear horizontal polarization intensity and phase maps at
an incident wavelength of 1000 nm. A comparison of Figure 3d,e
and Figure 3f,g indicates that the metasurface exhibits a relatively
large dispersion difference at incident wavelengths of 800 and
1000 nm. When the transmittance of the nanofin is high and a
sufficient phase difference exists between the two distinct wave-
lengths, it is feasible to extend the selected frequency to other
bands. Additionally, the metasurface exhibits relatively low trans-
mittance at both discrete operating frequencies. This may be at-
tributed to the lower transmission intensity of the nanofins in
the array. Meanwhile, the phase modulation covers the entire
range from 0 to 2𝜋. The co-linear vertical polarization intensity
and phase at an incident wavelength of 1000 nm indicate the
transposition matrices of the horizontal polarization. The cross-
talk between multi-fold phase holograms can be eliminated by
optimizing the structure selection via polarization decoupling
and by producing a large dispersion difference at the two inci-
dent frequencies. Therefore, the corresponding K-fold phase dis-
tributions were encoded using the aforementioned algorithms.
In comparison with conventional metasurface holography, the
space bandwidth product of metasurfaces is completely expanded
by the sophisticated design.
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Figure 3. Nanostructural units and transmission maps. a) The concept of nanofins (H: height, W: width, L: length, and P: lattice constant). b,c) Cross-
circular polarization transmission intensity and phase maps at an incident wavelength of 800 nm. d,e) Co-linear polarization transmission intensity and
phase map of the swept length and width at an incident wavelength of 800 nm. f,g) Co-linear polarization transmission intensity and phase map of the
swept length and width at an incident wavelength of 1000 nm.

For fabricated the sample, in the initial step, the first layer
of the 𝛼-Si metasurface was crafted via electron beam lithogra-
phy. Subsequently, a hard-etching mask of the Cr layer was de-
posited on the sample via electron gun evaporation, followed
by a lift-off process. After the removal of the resist, the re-
quired patterns were transferred to the Cr mask, and the meta-
surface was obtained via reactive ion etching and removal of
the patterned Cr mask. This was followed by Cr mask lift-off
and dry etching. Figure 4a depicts the top view of the scanning
electron microscopy (SEM) images. We measured the broad-
band transmittance curve of the metasurface in the cross-circular
polarization and co-linear polarization channels (Figure 4b,c).
Figure 4d illustrates the experimental optical configuration. A
super-continuous laser was used as the light source (wavelength
ranging from 680 to 1080 nm). When the incident light wave-
length was 𝜆1, the combination of a linear polarizer and quarter-
wave plate produced circularly polarized light, which impinged
the metasurface. The K-fold holographic reconstructed image
was observed in the far-field using the Fourier transform. When
the wavelength of the light was switched to 𝜆2, the quarter-wave
plates were removed, and the co-linear polarization transmis-
sions were reconstructed in the far-field.

In the experiment, we found that Huygens phase modulation
was shifting due to the sample fabrication error compared to the
target incident wavelength. Figure 5 depicts the calculation and
experimental reconstructions of K-fold holograms obtained to
verify the design results. A twin-tailed satellite image was recon-
structed in the far-field RCP-to-LCP channel (Figure 5a,e; K = 1)
re-considering an illumination wavelength of 820 nm when sam-
ple measurement. Furthermore, the spaceship cartoon image
was presented in the far-field LCP-to-RCP channel (Figure 5b,f;
K = 3). We observed that the phase value of the spaceship’s holo-
gram was three times that of the twin-tailed satellite image. Addi-

tionally, other K-fold holographic reconstructions were presented
in the far-field (Figure 5c,d,g,h; K = 2 and K = 6) in the horizon-
tal (Txx) and vertical (Tyy) co-polarization channels re-considering
a wavelength of 930 nm when sample measurement. The rocket
and disc-tail satellite images were displayed in co-linear polariza-
tion. We observed that the phase value of the rocket-hologram
was double that of the twin-tailed satellite image, whereas the
phase value of the disc-tail satellite-hologram was six times that
of the twin-tailed satellite image.

Moreover, the efficiency of the fabricated metasurface at the
target wavelength is relatively low. This can be attributed to the
suboptimal transmittance of the selected nanofins at the target
wavelength. The algorithm used for selecting nanofins can be op-
timized further as selecting nanofins with higher transmittance
can enhance the transmission efficiency. Consequently, the pro-
posed metasurface has the potential to achieve higher efficiency
in the future, and we intend to refine the algorithm in subse-
quent work. Another factor influencing the target reconstruction
efficiency is the inevitable appearance of zero-order spots in the
reconstructed image of co-polarization holography during the co-
polarization experiment. The background noise during the ex-
periment was relatively large when the wavelength was 930 nm
as the zero-order power of co-polarization channels played a ma-
jor role in the analysis. This led to low target reconstruction effi-
ciency, which in turn affected the quality of the reconstructed im-
ages in multi-fold holography to some extent. However, matching
amplitude and phase errors can be simultaneously reduced and
the strong zero-order beams can be suppressed during the exper-
iment by adjusting the intensity ratio of different channel losses
reconstructed by the algorithm. Moreover, the relatively higher
quality of holographic reconstruction under cross-polarization
may cause the issue of phase-matching accuracy, thereby con-
tributing to the noise observed in the experimental results. The
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Figure 4. Metasurface sample and optical setup. a) Metasurface scanning electron microscopy (SEM) images (top view, scalebar: 1000 nm). b) The
broadband transmission efficiency curve in cross-circular polarization channels (Trl, Tlr). c) The broadband transmission efficiency curve in co-linear
polarization channels (Txx, Tyy). d) Experimental optical setup. (P: linear polarizer; 𝜆/4: quarter-wave plate; and CMOS: complementary metal-oxide-
semiconductor).

Figure 5. Simulations and experimental results of the multi-fold phase holograms obtained using dual-wavelength and polarization. a,e) The calculation
and experimental reconstruction of basic (K = 1) holographic results in terms of cross-polarization (Trl) at a wavelength of 820 nm. b,f) The calculation
and experimental reconstruction of multi-phase (K = 3) holographic results in terms of cross-polarization (Tlr) at 820 nm. c,g) The calculation and
experimental reconstruction of multi-phase (K = 2) holographic results in terms of co-polarization (Txx) at 930 nm. d,h) The calculation and experimental
reconstruction of multi-phase (K = 6) holographic results in terms of co-polarization (Tyy) at 930 nm.
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laser speckle noise observed in the reconstructed image is uni-
versal because of the enhanced laser illumination coherence. The
speckle noise observed during the experiment can be suppressed
by reducing the laser coherence or by filtering the zero-order
term. Nevertheless, all experimental results were consistent with
the calculation results.

3. Conclusion

In this study, we designed a single multi-fold phase metasurface
to reconstruct holograms induced by discrete frequency illumi-
nation and polarizations. The basic phase holograms were gen-
erated using an optimized loop algorithm designed based on the
Adam optimization loop. An arbitrary K-fold of the basic phase
was reconstructed to display the arbitrary images. The obtained
simulation and experimental results satisfied our expectations.
The use of selective frequencies and decoupled circular and lin-
ear polarization facilitated dynamic modulation to display multi-
fold holographic reconstruction. The proposed method does not
require nonlinear effects of structures or materials and can con-
veniently and efficiently achieve multi-fold phase modulation by
combining polarization and frequencies. Multi-fold phase modu-
lation induced by frequency and polarization can serve as a novel
solution to generating fold phases using a single metasurface
for light directional excitation and refraction, orbital angular mo-
mentum beam transformation, and other functions. In compari-
son with the multi-phase modulation based on nonlinear effects,
the developed method significantly improves the energy conver-
sion efficiency while reducing the complexity of the experiment.
However, owing to the limited range of the selected structure,
achieving a strict numerical multi-fold phase wrapping is chal-
lenging. This can be addressed by expanding the range of avail-
able structures and selecting a method that implements fixed
phase elements. The minimum phase matching error is given
priority when matching the multiplex phase diagram. This ig-
nores the amplitude constraint to a certain extent, resulting in
different light intensity of different channels. By adjusting the
intensity ratio of different channel losses reconstructed by the al-
gorithm, the matching amplitude and phase error can be reduced
at the same time to select the optimal phase structure. Further-
more, with elaborate design, the developed algorithm can be ex-
tended to realize the dynamic orbital angular momentum beam-
directed excitation and communication in a device by integrating
active materials. Owing to these unique advantages, we believe
that the study not only enhances the methods used for multi-fold
phase modulation but also presents a foundation for developing
potential applications in directional optical communication, light
switching, holographic encryption and displays, dynamic optical
modulation, and several other fields.
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