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Abstract: Holography has emerged as a vital approach to 

fully engineer the wavefronts of light since its invention 

dating back to the last century. However, the typically large 

pixel size, small field of view and limited space-bandwidth 

impose limitations in the on-demand high-performance 

applications, especially for three-dimensional displays 

and large-capacity data storage. Meanwhile, metasurfaces 

have shown great potential in controlling the propaga-

tion of light through the well-tailored scattering behavior 

of the constituent ultrathin planar elements with a high 

spatial resolution, making them suitable for holographic 

beam-shaping elements. Here, we review recent develop-

ments in the field of metasurface holography, from the 

classification of metasurfaces to the design strategies for 

both free-space and surface waves. By employing the con-

cepts of holographic multiplexing, multiple information 

channels, such as wavelength, polarization state, spa-

tial position and nonlinear frequency conversion, can be 

employed using metasurfaces. Meanwhile, the switchable 

metasurface holography by the integration of functional 

materials stimulates a gradual transition from passive to 

active elements. Importantly, the holography principle 

has become a universal and simple approach to solving 

inverse engineering problems for electromagnetic waves, 

thus allowing various related techniques to be achieved.

Keywords: metasurfaces; holography; plasmonics; 

nanostructures.

1   Introduction to metasurface 

holography

Holography, first invented in 1948 by Denis Gabor [1], is 

one of the most promising imaging techniques in wave 

phenomena and enables recording and reconstruction of 

the full wave information of a certain target or object wave. 

The hologram itself is not an image, rather, it consists of 

seemingly random patterns of spatially varying intensity 

or phase. In 1961, following the pioneering work of Gabor, 

Leith and Upatnieks applied the principle of holography 

to free-space optical beams with the advent of the laser 

[2]. The next important milestone was the invention of 

the computer-generated hologram (CGH) by Brown and 

Lohman in 1966 [3]. By using numerical computation to cal-

culate the phase information of the wave at the hologram 

interface, they were able to simplify the recording process 

through programming. This breakthrough opened up 

many new possibilities, such as the creation of holograms 

of virtual objects that do not exist in reality, or the reali-

zation of dynamic holograms using computer-controlled 

spatial light modulators (SLM) [4]. In 1972, the concept 

of holography was extended by Cowan from free-space 

waves to surface waves [5]. Since then, holography-based 

techniques have been used to achieve three-dimensional 

(3D) displays, data storage, metrology, biological image 

processing and electron tomography interference, among 

others [6]. Holographic principles have been applied to 

overcome various challenges where other approaches have 

failed. However, there are still several remaining chal-

lenges for traditional holography technologies due to the 

bulky macro-scale interference-based generation methods, 

which have imposed fundamental physical limits for real-

izing the reconstruction, such as narrow bandwidth, 

small field-of-view (FOV), multiple diffraction orders, twin 

images and so on. These challenges mainly arise from the 

limitations of the CGH algorithm, the relatively large pixel 

sizes and the limited space-bandwidth product [7].

Nowadays, the enormous progress in nanofabrica-

tion techniques may revolutionize the method of achiev-

ing optical holography. The subwavelength tailored 
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optical elements (gratings, etc.) and, more generally, 

metamaterials and metasurfaces are opening new fron-

tiers for holographic and optical devices, such as beam 

splitters and image processing. Metamaterials are arti-

ficial structures engineered to show properties that 

cannot be found in natural materials. Even though 

metamaterials research started with the quest for nega-

tive-index and artificial magnetism, the field has grown 

into a much broader discipline encompassing various 

optical functionalities, in particular for the arbitrary 

control of light waves at the nanoscale [8, 9]. Metasur-

faces – as a two-dimensional (2D) version of metamateri-

als – can provide powerful control over the flow of light 

through judiciously engineered planar nanostructures. 

Such a planar approach can serve as a promising route 

for practical applications. Metasurfaces usually feature 

a spatially varying optical response (e.g. scattering 

amplitude, phase and polarization) for molding optical 

wavefronts into almost any arbitrary profiles. Metasur-

faces can also be integrated with functional materials 

to accomplish active control and greatly enhanced non-

linear response [10–13]. Meanwhile, metasurfaces have 

shown the high potential of being easily integrated into 

multifunctional on-chip optoelectronic systems in both 

optical and radio frequency ranges [14, 15]. The emer-

gence of the so-called flat optics with metasurfaces has 

yielded groundbreaking phenomena in electromagnetics 

and photonics by overcoming the limitations of conven-

tional optics [10–13]. A wide range of applications based 

on plasmonic or dielectric metasurfaces have been pro-

posed and demonstrated in wavefront engineering [16, 

17], information processing [18, 19] and spin-controlled 

photonics [20–22].

One of the cutting-edge nanotechnologies combines 

holography with nanodevices [23, 24]. Such metasurface 

holography can be performed by mapping the configu-

ration precisely to the position and the local scattering 

properties of nanoscale optical resonators patterned at 

the interface. Compared with conventional holograms, 

metasurface holograms have three major advantages 

[25]. First, metasurfaces can provide unprecedented 

spatial resolution, low noise and high precision of the 

reconstructed images, given that both phase and ampli-

tude information of the wavefront can be recorded in 

ultrathin holograms. Second, the significantly reduced 

subwavelength pixel size contributes to an improved 

holographic image compared to traditional holograms 

due to the elimination of undesired diffraction orders. 

Third, they can provide large space-bandwidth products 

due to their ability to achieve large area fabrication. 

The holography principle has emerged as a viable tool 

in designing novel plasmonic interfaces to excite either 

free space beams or surface waves with desired field 

distributions.

In the current work, we review recent advance-

ments in metasurfaces holography. We provide an over-

view of key holographic concepts and procedures for 

processing metasurface holograms. We also introduce 

the basic physical mechanisms and classifications of 

metasurfaces for a better understanding of the working 

principles. Both free-space waves and surface plasmon 

polariton waves can be controlled in an arbitrary 

manner by using the holographic principle. We intro-

duce several holographic multiplexing strategies, as 

well as some pioneering approaches for achieving active 

holographic displays. Finally, we identify some promis-

ing areas for future research and indicate likely avenues 

for future metasurface device development. Tables 1 and 

2 provide an overview of the state-of-art development of 

metasurface holography.

Table 1: Categories of the metasurface holograms.

Category Mechanism Representative works Operation 

wavelength/efficiency

Phase-only 

holograms

Effective medium theory Multilayer I-shaped metamaterials [26] 10.6 µm; 1.14%

Pancharatnam-Berry phase principle

Huygens’ metasurfaces

Metasurface hologram with 80% efficiency [27]

Huygens’ metasurfaces composed of nanodisks [28]

Visible to near 

infrared; 80%

1600 nm; 90%

Amplitude-only 

holograms

Binary’ amplitude modulation

Resonance effect

Random photon sieve with nanoholes [29]

V-shaped antennas by tailoring the geometry’s 

parameters [30]

Visible range; 47%

676 nm; 10%

Complex amplitude 

holograms

Resonance effect together with the 

Pancharatnam-Berry phase principle

C-shaped antenna array by tailoring the arc 

lengths and orientation angles [31]

0.3–1 THz; 6.4%

Huygens’ metasurface Nanodisks with spatially variant lattice period [32] 1477 nm: 40%
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2   Principle of metasurface 

holography

In this section, we discuss the classification of metasur-

faces, the procedure for designing metasurface holograms 

and three major categories of phase-only holography, 

amplitude-only holography and combined amplitude/

phase holography, by considering the capability of record-

ing the light information on metasurfaces.

2.1   Classification of metasurfaces

In recent years, the concept of using metasurfaces for 

controlling the spatially variant optical properties has 

enabled a plethora of emerging functions within an 

ultrathin dimension. One of the pioneering works was 

carried out by Capasso’s group. By judiciously designing 

an array of V-shape plasmonic nanoantennas to generate 

an interfacial phase discontinuity that can cover the entire 

2π range, their team was able to control the light trajectory 

after passing through such metasurfaces [11]. Meanwhile, 

several excellent reviews on the recent developments of 

metasurfaces can be found in the literature [10, 42–44].

For a better illustration of the process of combining 

the holography principle with the metasurfaces as the 

recording media, we classify below the metasurfaces into 

four categories based on the constituent materials and 

operating mechanisms.

(1) Plasmonic metasurfaces: Plasmonic metasurfaces are 

based on meta-atoms made from metallic nanostruc-

tures, whose optical responses are governed by the 

supported localized plasmon polariton resonances 

[13]. In the presence of a time-varying external field, 

the collective motion of the conduction band electrons 

of the metal can be described as a Lorentz oscillator, 

which features a resonant peak in the displacement 

amplitude (polarizability) around the resonance 

frequency accompanied by a rapid phase shift over 

the spectral width of the resonance. This resonant 

phase behavior is the basis of several phase gradient 

metasurface devices. The most popular strategy uses 

basic antenna elements (i.e. V-shape [11], Y-shape 

[45], C-shape [46], etc.) to build up more complex 

meta-atoms. The meta-atom separation should be 

smaller than the resonance wavelength to avoid the 

 undesired diffraction effect, but the meta-atoms are 

still sufficiently separated so that the near-field-medi-

ated interactions are small. Alternatively, based on 

 Babinet’s principle, one can also design metasurfaces 

with complementary structures, i.e. subwavelength 

apertures in a metallic sheet. The disadvantage of 

such plasmonic metasurfaces is the low efficiency in 

transmission, but such a limitation can be conquered 

by applying metal-insulator-metal schemes working 

in a reflection configuration, or a more complicated 

multilayer design [47].

(2) All-dielectric metasurfaces: In contrast to their plas-

monic counterparts, dielectric metasurfaces consist 

of an array of high-index dielectric scattering parti-

cles of size comparable to the wavelength of light. The 

dielectric metasurfaces promise very high efficiencies 

due to lower absorption losses and easy-tuning scat-

tering properties. Arrays of silicon dimers [48], nano-

disks [49] and nanofins with high aspect ratios [50] 

have been demonstrated for phase, amplitude and 

polarization control. On the one hand, the dielectric 

Table 2: Multi-functionalities of the metasurface holography.

Functionality Mechanism Representative works

Holographic 

multiplexing

Wavelength multiplexing

Polarization multiplexing

Hybrid multiplexing algorithm

Multicolor dielectric metasurface consisting of the multiplexed Si nanoblocks [33]

Simultaneous polarization and phase modulation by using the tailored elliptical 

posts [34]

Multiple recording channels, such as the position, polarization and angle [35]

Surface wave 

holography

Holographic interference pattern 

(by etching equal phase contours)

Four-fold polarization-controlled surface wave holographic multiplexing [36]

Spin-selective control of SPP holography by using the metasurfaces composed of 

nanoapertures [37]

PB phase principle

Nonlinear 

holography

Nonlinear PB phase for multiple 

channel display

Spin- and wavelength-dependent nonlinear holographic multiplexing with SRR 

arrays [38]

Resonance effect Double-layer V-shaped antennas for third-harmonic generations of holography [39]

Active 

holography

2D materials

Phase change materials

Active metasurface holograms composed of functional graphene oxide materials [40]

Active metasurface holograms integrated with GST [41]
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metasurfaces usually exhibit prominent spectral 

selectivity and high-quality factor (Q-factor) of reso-

nances. On the other hand, some dielectric metasur-

faces act as non-resonant phase shifting elements due 

to their structural birefringence associated with the 

anisotropic effective refractive index [50]. It has also 

been proposed that the scattered fields generated by 

the induced electric and magnetic dipoles in dielectric 

particles can form the basis of sophisticated antenna 

arrangements to achieve some interesting scattering 

effects on demand.

(3) Geometric metasurfaces based on the Pancharat-

nam-Berry (PB) phase principle: The spatial control 

of the polarization state of light inevitably introduces 

nontrivial spatially-varying phase distributions, 

known as a PB phase. Such a phase is geometric in 

essence, which is unrelated to the dynamic (propaga-

tion) phase that accumulates along the optical propa-

gation path. Specifically, if two parts of a uniformly 

polarized wavefront are altered to a common polari-

zation state along two different paths on the Poincaré 

sphere (polarization state space), a relative phase 

emerges between the two polarization states which 

is equal to half of the solid angle enclosed by the 

path [51]. The PB phase represents the evolution of 

polarization conversion history, so the clockwise and 

anti-clockwise evolution would flip the sign of such 

a geometric phase. Such a phase can be obtained by 

using anisotropic, subwavelength metallic/dielectric 

scatterers with identical geometric parameters but 

spatially varying orientations. Nevertheless, in order 

to achieve a large scattering cross section, the meta-

atoms must be resonantly excited. Interestingly, the 

desired spatial phase tuning mechanism remains 

totally decoupled from the spectral tuning (e.g. by 

the size) of the resonators.

(4) Huygens’ metasurfaces: The Huygens’ principle states 

that every point on a wavefront can be viewed as a 

secondary source of wavelets that spread out in the 

forward direction, thus fulfilling the rigorous bound-

ary condition. In 2013, experimental demonstrations 

of a kind of Huygens surfaces at microwave frequen-

cies were achieved by satisfying the impedance 

matching condition with multiple layers of metallic 

components [52]. To reduce the complexity, the main 

features of spectrally overlapping, crossed electric 

and magnetic dipole resonances of equal strength 

were employed by using high-permittivity all-dielec-

tric scatters [53–55]. The corresponding surface polar-

izabilities are related to transmission and reflection 

by the following expression [56]:

eff eff 2 / (1 )2(1 )
, ,

(1 )(1 ) /
e m

T RT R
j j

T RT R

µ ε
ωα ωα

µ ε

− +− −
= =

+ −+ +
 

(1)

where ω represents the angular frequency; µ and ε are 

the permeability and permittivity of the free space and 

R and T are the complex reflection and transmission 

coefficients, respectively. By obtaining the required 

equivalent electric and magnetic polarizabilities for 

an ideal Huygens’ metasurface, full transmission-

phase coverage of 2π, low intrinsic losses and almost 

100% transmission efficiency can be achieved.

Indeed, metasurfaces are generally hybrid devices, in the 

sense that they can use the abovementioned mechanisms, 

such as the PB phase, Mie scattering, Fano resonance, 

Kerker diffusion and so on, which can add more flexibil-

ity to accomplish the smart control of phase, amplitude, 

polarization and angular momentum.

2.2   Procedure for designing metasurface 

holograms

In general, the procedure for designing and displaying 

metasurface holograms consists of the following steps, 

which are also shown in Figure 1 [57]: (i) formulating the 

mathematical models of the object and of the hologram; 

(ii) the digital synthesis and numerical calculation of the 

CGH, resulting in an array of complex numbers that rep-

resent amplitudes and phases of interference patterns 

in the hologram plane; (iii) encoding the phase and/or 

amplitude information on the physical recording medium 

(metasurface), in which stage the mathematical holo-

grams are converted into the pattern of building blocks 

that control the optical properties; (iv) fabricating the 

metasurfaces through nanofabrication techniques, such 

as electron beam lithography (EBL), focused ion beam 

(FIB), nanoimprinting (NI), atomic layer deposition (ALD) 

and so on and (v) reconstruction of the holographic image 

by a conventional optical scheme. In CGH, both the image 

recording and reconstruction procedures are achieved 

without the need for a reference beam. This is in contrast 

to the traditional optical holography methods.

For the mathematical modeling in the first step, the 

objects are approximated as compositions of elementary 

diffracting elements, such as point scatters, segments of 

2D or 3D curves, polygonal mesh or wire-frame models 

in 3D computer graphics, etc., or described by analytical 

models. To simplify the description, we assume the mon-

ochromatic illumination of objects. The case of multi-

chromatic illumination can be treated as a superposition 
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of the monochromatic illumination with different 

wavelengths.

The relation between the scattered wave Γ(ξ, η, ζ) over 

an arbitrary surface defined by its coordinates (ξ, η, ζ) and 

the object wave A
obj

(x, y, z) can be described by a wave 

propagation integral over the object surface or volume 

S
obj

 [58]

 obj

obj
( , , ) ( , , ) ( , , ; , , ) .

S

A x y z T x y z dxdydzΓ ξ η ζ ξ η ζ= ∫∫∫         

 
(2)

The wave propagation integral kernel T(x, y, z; ξ, η, ζ) 

depends on the spatial disposition of the object and the 

observation surface. The reconstruction of the object 

can be described by a back-propagation integral over the 

observation surface S
obs

 given by

 obs

obj
( , , ) ( , , ) ( , , ; , , ) ,

S

A x y z T x y z d d dΓ ξ η ζ ξ η ζ ξ η ζ=′ ′∫∫∫         

 
(3)

where 
obj
( , , )A x y z′    is the reconstructed object wave as 

seen from the observation surface and ( , , ; , , )T x y zξ η ζ′       is 

a kernel reciprocal to T(x, y, z; ξ, η, ζ). Thus, the hologram 

synthesis requires computation of Γ(ξ, η, ζ) through A
obj

 

(x, y, z), which is defined by the object description and 

illumination conditions. Subsequently, the computation 

results of Γ(ξ, η, ζ) are recorded on a physical medium 

in a form that enables interaction with light for visualiz-

ing or reconstructing 
obj
( , , )A x y z′    according to the above 

equation. With different kernel functions, we can achieve 

Fresnel holograms or Fourier holograms related to 

different diffraction ranges through discretization. Mean-

while, the sampling interval defines the angular dimen-

sions (θ
x
, θ

y
), of the reconstructed image according to the 

well-known diffraction relationships [59] given by

 2 / ; 2 / ,
x y

θ πλ ∆ξ θ πλ ∆η= =  (4)

where ∆ξ and ∆η, respectively represent the lattice con-

stants in the orthogonal directions. The CGH can only be 

correctly reconstructed by applying the above sampling 

law. Such criteria can be used for evaluating the perfor-

mance of holography. More details of the CGH algorithms 

can be found in [60, 61].

Mostly, it is useful to represent the calculated 

complex amplitude of calculated hologram in the expo-

nential notation as A · exp(iϕ). Metasurface holograms 

with the capability of recording both the amplitude and 

phase information of light scattered from the object are 

desirable for yielding faithful optical images with low 

noise. According to the development of metasurfaces and 

various CGH algorithms, the metasurface holograms may 

be classified into three categories: phase-only holography, 

amplitude-only holography and combined amplitude/

phase holo graphy. A brief classification of the following 

representative works can be found in Table 1.

2.3   Phase-only holograms

In conventional phase-only holograms, the optical thick-

ness of the recording medium is spatially engineered to 

Formulating

mathematical

model of the

object and

the hologram

Digital and numerical calculation

of the CGH

Computer

Encoding the phase or amplitude information

on physical medium

Hologram

usage model

Fabrication of the metasurface through nanofabrication techniques

Reconstruction of the holographic image by a conventional optical scheme

Figure 1: Typical procedures required for the design and demonstration of optical metasurface holography.

One important step is the suitable selection of the phase encoding method, which influences the subsequent fabrication step.
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obtain the required phase of the wave. This can be done 

either by varying the refractive index of the medium, or 

the physical thickness, or both. Phase-only media include 

thermoplastic materials, photoresists, bleached photo-

graphic materials, media based on photopolymers, and so 

on [59]. The first demonstration of holography with meta-

materials used multilayer I-shape nanostructures for the 

local modulation of the refractive index based on effec-

tive medium theory [26]. However, such strategy using 3D 

structured volumes is extremely challenging for nanofab-

rication and the reconstruction quality of the hologram is 

less satisfying.

Nowadays, the phase-only metasurface holography 

is widely employed by using an iterative or point source 

algorithm in order to optimize the uniformity of the inten-

sity. By adding random phase masks to mimic the diffuse 

reflection of objects, one can calculate the phase-only 

CGHs by neglecting the amplitude information. Among 

the various types of metasurfaces, geometric metasur-

faces have shown superior phase control due to the geo-

metric nature of their phase profile related to spatially 

varying orientations. Huang et  al. [57] demonstrated 

metasurface holograms composed of nanorod arrays 

based on the PB phase principle with full 3D image recon-

struction. For circularly polarized (CP) incident light, the 

desired local phase shifts are generated in the opposite 

handedness polarization state of the scattered light, thus 

achieving the optical reconstruction of the holographic 

image, as shown in Figure 2A. Due to the subwavelength 

pixel pitch, the zero-order on-axis 3D reconstruction can 

potentially be achieved with very high resolution and 

wide field of view, free of multiple-order diffractions and 

twin images that are persistent problems in conventional 

holography. The antenna orientation-controlled PB phase 

leads to a better broadband performance and helicity 

switchable property [57]. For this kind of 3D holography, 

RCP

Fraunhofer region

Incident LCP

A B

C
D E

 

632.8 nm

ψ

λ = 480 nm λ = 520 nm λ = 540 nm

λ = 600 nm λ = 620 nm λ = 640 nm

Figure 2: Phase-only metasurface holography.

(A) 3D on-axis transmission-type metasurface hologram composed of gold nanorod arrays [57]; (B) 2D off-axis reflection-type metasurface 

hologram utilizing a metal-insulator-metal layer system for high efficiency [27]; (C) metasurface composed of nano-aperture arrays based 

on Babinet’s principle [62]; (D) dxperimentally obtained images using Huygens’ metasurface holograms composed of nanodisks [28]; (E) 

Reconstructed optical images at different wavelengths covering the entire visible spectrum by using the dielectric metasurface holograms 

composed of the Si nanofins [63]. Reprint permission obtained from [27, 28, 57, 62, 63].
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it is easy to verify that the reconstruction distance is 

inversely proportional to the incident wavelength under 

the paraxial approximation. By taking advantage of the 

accurate phase control with PB metasurfaces and the 

high conversion efficiency of the reflect-arrays that incor-

porate a ground metal plane into the design, a reflection-

type metasurface hologram with 80% efficiency was 

demonstrated, without the need of a complicated fabri-

cation process (Figure 2B) [27]. Metasurfaces composed 

of nanoaperture arrays based on Babinet’s principle 

were also used to achieve phase-only holography (Figure 

2C) [62]. The advantage of these geometric metasurface 

holograms is that they are very robust against fabrica-

tion errors. Indeed, the hologram is capable of tolerating 

a fabrication imperfection up to 10% noise, which com-

prises the shape deformation of the rectangular aperture 

as well as the phase noise [62].

The all-dielectric geometric metasurface opens 

another possibility for achieving high efficiency hologra-

phy in transmission mode. A dielectric metasurface can 

work efficiently as a half-wave plate for circular polariza-

tion conversion by optimizing the geometry parameters 

with form birefringence, whereas the phase modulation 

only depends on the orientation of the azimuthal angle 

of the structure. By using the Si nanopost arrays with 

spatially-varying orientations, the multicolor holographic 

images devoid of high-order diffraction and twin-image 

issues at multiple z-planes were achieved in a past work 

[64]. By leveraging the recently developed Huygens’ meta-

surface, silicon nanodisks with different radii were chosen 

as the basic meta-atoms to realize phase hologram [56]. 

In order to ease the fabrication challenge, a seven-level 

phase map was discretized in equal steps of the nanodisk 

radii instead of equal steps in phase values. Transmis-

sion efficiencies of up to 86% with high fidelity over a 

wide frequency range were demonstrated. Similarly, the 

subdiffraction lattices of the silicon nanopillars feature 

a size-dependent phase delay, which can cover 2π phase 

variations. Wang et al. [28] produced grayscale, high-reso-

lution metasurface holograms with transmission efficien-

cies of over 90% at a wavelength of 1600 nm (Figure 2D). 

The design approach is also applicable to other materi-

als with high refractive indexes, such as Ge, GaAs, TiO
2
, 

diamond, etc. For example, amorphous titanium dioxide 

(TiO
2
) was successfully used to extend the working wave-

lengths spanning the visible spectrum (Figure 2E) [63]. 

Furthermore, it was reported that meta-atoms designed 

based on Huygens’ principle with a multi-fold rotational 

symmetry had a polarization-independent response. The 

distortion induced by the mismatched lattices was also 

found to be very weak [65].

2.4   Amplitude-only holograms

Recently, different schemes for amplitude-only modula-

tion have been proposed. In amplitude-only media, the 

controlled optical parameter is the local transmission 

or reflection amplitude. Here, we refer to the amplitude-

only media with unit cells assuming only two values 

in transmission or reflection as “binary media”. The 

simplest strategy for the binary amplitude modula-

tion is based on the process of converting the continu-

ous interference terms of the reference beam and object 

beam *

0
c.c.

r
A A +  into a binary function. Butt et al. [66] 

achieved binary amplitude holography based on the 

scattering of carbon nanotubes, as shown in Figure 3A. 

The amplitude holo graphy information is defined only 

by their spatial degrees of freedom (0 and 1). However, 

twin images can appear in the reconstruction. Other 

groups created binary amplitude holograms based on 

the optical scattering of the plasmonic nanoparticle 

[68, 69]. Furthermore, Qiu et  al. experimentally dem-

onstrated the accurate manipulation of light by using a 

random photon sieve to realize a uniform, twin-image 

free and high diffraction-efficiency hologram, as shown 

in Figure 3B. By considering the diffraction issues from 

the subwavelength nanohole, and proceeding with a 

genetic search algorithm, the performance of the polar-

ization-independent binary amplitude holography was 

successfully optimized [29]. Similar to the binary ampli-

tude modulation, binary phase modulation with 0 and π 

can also reproduce holographic images with satisfactory 

quality. Topological insulators, such as Sb
2
Te

3
 thin films, 

which possess unequal refractive indices in the surface 

layer and bulk, represent ideal candidates as an intrinsic 

resonant cavity. The optical path length and phase shifts 

of an output light beam from the cavity can be enhanced 

through internal multi-reflections. By printing the binary 

holograms into the Sb
2
Te

3
 thin films through direct laser 

writing, Gu et  al. [70] demonstrated a 60-nm ultrathin 

binary hologram.

However, the use of binary holograms is quite ineffi-

cient in terms of the medium information storage capacity. 

However, in amplitude media, in principle, the degrees of 

freedom related to a transmission (reflection, refraction) 

amplitude may be used as well. For example, by using 

a microscopic description of the nanoapertures within 

the metal film of different sizes to tune the transmission 

coefficients, Walther et al. [71] achieved multilevel ampli-

tude holography and binary amplitude holography at two 

wavelengths (Figure 3C) [67]. Such apertures perforated 

in a metal film can be approximated as an assembly of 

dipolar emitters.
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2.5   Complex amplitude holograms

An on-demand metasurface capable of imprinting arbitrar-

ily complex wavefronts on an incident light can, in princi-

ple, realize any holographic images. A complex device with 

the desired functionalities can be achieved by simultane-

ously modulating the phase and amplitude information. In 

this case, the hologram can reconstruct the object without 

losing any information. Further, various reflection proper-

ties of the object surfaces, such as specular reflection and 

Phong shading, can be designed with optimized perfor-

mance [72]. The complex amplitude approach has unique 

advantages, including higher precision and reduced noise.

Shalaev et al. [30] achieved metasurface holography 

with delicately designed V-shape nanoapertures based 

on Babinet’s principle, which requires an extra lookup 

table for controlling the local phase and amplitude. For 

a linearly polarized incident beam, the complementary 

design effectively blocks the direct transmission of the 

co-polarized component as the rest of the sample remains 

opaque due to the continuous metallic film, as shown in 

Figure  4A. For such plasmonic resonance tuning metas-

urfaces, the spectral bandwidth is quite limited; it also 

introduces extra phase noise into the holographic image 

when illuminating at different wavelengths [30]. By 

adopting the C-shape split-ring resonators (CSRRs) as 

the basic unit, the amplitude and phase of the outgoing 

orthogonally-polarized linear wave can be simultane-

ously manipulated by varying the geometrical parameters 

(radius r, split angle α and orientation angle θ). It has 

Figure 3: Amplitude-only metasurface holography.

(A) Reconstructed binary amplitude hologram (top) by using carbon nanotubes (bottom) [66]; (B) binary amplitude hologram by using a 

randomly patterned photon sieve [29]; (C) schematic of a metasurface hologram with the nanoaperture arrays perforated in a metal film with 

binary amplitude modulations at two wavelengths [67]. Reprint permission obtained from [29, 66, 67].
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been demonstrated that the amplitude of the outgoing 

y-polarized component follows a simple |sin(2θ) | depend-

ence with respect to the orientation angle θ, whereas the 

phase shift remains invariant [46]. This facile way of con-

trolling the amplitude without interfering with the phase 

profile greatly simplifies the complex amplitude design. 

A novel complex amplitude modulation hologram with 

simultaneous five-level amplitude modulation and eight-

level phase modulation has been achieved accordingly, 

as shown in Figure 4B [31]. In contrast, an independent 

phase and amplitude modulation scheme can be achieved 

by using a geometric metasurface, where the phase can be 

tuned by the azimuthal angle and the amplitude can be 

separately modulated by tuning the shape.

Another strategy for realizing the complex amplitude 

modulation of metasurface holography is by applying the 

concept of Huygens’ metasurfaces. Given that a variation 

of the lattice periodicity would lead to a spectral shift of 

the resonance (while keeping the diameter and height to 

be constant), the spatial transmittance phases introduced 

at a particular frequency would then be dependent on 

the range of the selected lattice periodicity. However, the 

amplitude modulation is quite small and the phase range 

cannot cover the total 2π range (Figure 4C) [32].

3   Holographic multiplexing

The possibility of optimizing the enormous space-band-

width product and information capability of metasurface 

holograms provides a strong motivation for the develop-

ment of suitable multiplexing techniques. Traditionally, 

most of these techniques were developed for volume holo-

graphic recording systems with Bragg-based selectivity 

[73]. In contrast, metasurfaces may circumvent some of 

the limitations of earlier techniques employing photore-

fractive crystals, which may suffer from the photobleach-

ing effect in the reading processing, and establish the 

feasibility of multiplexing without introducing distortion 

in the reconstruction [74].

In the following, we discuss three prospects of metas-

urface holograms with potential applications: color holog-

raphy, polarization multiplexing and hybrid multiplexing 

algorithms. Such multiplexing technologies can be used 

Figure 4: Complex amplitude metasurface holography.

(A) SEM image of a metasurface made of V-shape nanoapertures with two-level amplitude modulation and eight-level phase modulation 

(left); simulation and experimental results of the reconstructed image (right) [30]. (B) Optical image of a metasurface made of C-shape 

antennas with simultaneous amplitude and phase modulation (left), together with theoretical calculation, numerical simulation and 

experimental results of the reconstructed holographic image (right) [31]. (C) Schematic image of a Huygens’ dielectric metasurface for the 

complex amplitude holography and its transmission coefficients by modulating the lattice periodicities [32]. Reprint permission obtained 

from [30–32].
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as a platform for low-cost, high-performance and large-

capacity holographic displays and data storage systems.

3.1   Color holography

Multicolor holography is one of the most pursued applica-

tions for metasurfaces, which is very important for display 

and wavelength division multiplexing. The major chal-

lenge in realizing color holography is to independently 

record and reconstruct the amplitude and phase infor-

mation on different color components. In this case, extra 

design freedoms or complex encoding methods in each 

unit cell must be considered.

The most intuitive approaches for color holography 

with metasurfaces are based on spatial multiplexing 

schemes. For example, Tsai et  al. demonstrated a meta-

surface hologram considering a two-level phase modu-

lation for each primary color. Each pixel is made of four 

subpixels: one for blue, one for green and two for red to 

compensate for the lower reflectance in the red spectral 

range, as shown in Figure 5A. Within each subpixel, all alu-

minum nanorods have the same dimensions, but the sub-

pixels from different pixels can have different dimensions 

to yield either 0 or π phase shifts for a given color. Taking 

into account the wavelength dependence of the diffrac-

tion angle, different images can be reconstructed at spe-

cific locations with a predefined size. With this technique, 

they obtained resonances of the aluminum rods within a 

narrow bandwidth, thus facilitating the implementation 

of the multicolor scheme [75]. However, with this strat-

egy, several nanoantennas need to be grouped to obtain 

an effective response within the pixel, which degrades the 

image resolution and reduces the information density as 

well as the viewing angle of the hologram [75, 78]. Usually, 

an M-level phase control at N discrete wavelengths 

requires M × N types of resonators. When M increases, the 

dimension differences of the resonators decrease, thereby 

Figure 5: Metasurface color holography.

(A) Schematic illustration of the multicolor plasmonic metasurface hologram composed of the aluminum nanorods under the linearly polar-

ized illumination. One meta-atom consists of four subpixels [75]. (B) Schematic illustration of multicolor dielectric metasurface hologram 

consisting of multiplexed Si nanoblocks. The hologram independently projects distinct color images: a red “flower”, a green “peduncle” 

and a blue “pot” [33]. (C) Principle and experimental realization of a color metasurface hologram composed of the nanoaperture arrays with 

the tilted off-axis strategy [76]. (D) Seven-color holographic image for Sun Phoenix, which is reconstructed from a metasurface composed of 

the nanoaperture arrays [77]. Reprint permission obtained from [33, 75–77].
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increasing the fabrication difficulty, especially for shorter 

wavelengths [33]. Nevertheless, the resonator types can be 

reduced to N by applying the PB phase principle. The die-

lectric metasurfaces made of three kinds of Si nanoblocks 

within a subwavelength unit-cell were demonstrated 

for transmission-type, high-efficiency color holography. 

These metasurfaces are capable of simultaneous wavefront 

manipulation of the three primary light colors, as shown 

in Figure 5B [33]. Full phase control is easily achieved by 

changing the in-plane orientations of the corresponding 

nanoblocks to serve as narrow-band half-wave plates at 

the non-overlapping discrete wavelengths for the circu-

larly polarized illumination. Achromatic and highly dis-

persive meta-holograms were fabricated to demonstrate 

the wavefront manipulation with high resolution [33].

Another approach uses geometric metasurfaces con-

sisting of subwavelength nanoslits with spatially varying 

orientations in thin metal films via the utilization of the 

broadband effect of the PB phase in combination with the 

off-axis CGH reconstruction scheme. Each RGB component 

of the color object can be considered as many self-illuminat-

ing point sources at the corresponding wavelength. Based 

on the Huygens-Fresnel principle, the CGH of each color 

component (R-CGH, B-CGH and G-CGH) can be individually 

calculated by superimposing the optical wavefronts from all 

the point sources. Additional phase shifts are encoded into 

the CGH of each color component. By introducing the cor-

responding tilted incident angle illumination, the desired 

color images can be reconstructed, as shown in Figure 5C. 

Due to the dispersion, only the desired image with the right 

color can be correctly projected above the hologram. The 

scattered light beams at the designed angles are then super-

imposed to form the final multicolor image. Nevertheless, 

all the other “unwanted” images appear blurred in other 

positions due to the broadband effect. Another factor influ-

encing the quality of the reconstructed image is the color dis-

persion with different magnifications of the reconstructed 

images for the three primary color components. Such an 

effect can be eliminated in advance through the numerical 

zero-padding technique [76]. Based on the same principle, 

Luo et al. demonstrated a seven-color “Sun Phoenix” meta-

surface holographic image, as shown in Figure 5D. Espe-

cially, the larger color gamut describes a broader spectrum, 

in which the hologram can be reproduced in the color space 

by using seven lasers of different wavelengths. The recon-

structed image showed good quality and a wide range of 

viewing angles, but with low efficiency [77].

Despite the above demonstrations, two of the chal-

lenges for multicolor operation are efficiency and cross-

talk. Narrow resonances are generally favorable for 

minimizing the crosstalk between different color images, 

but this also implies that multiple components should 

be used, resulting in degraded viewing angles. While the 

color holography based on broadband resonances usually 

requires delicate tuning with off-axis illumination, recent 

demonstrations showed the ability of metasurfaces to 

overcome chromatic aberration [79, 80], which can be 

potentially helpful in the development of compact meta-

surface color holographic devices.

3.2   Polarization multiplexing

Another technique for multiplexing, which uses the 

polarization states of the light, cannot be easily achieved 

in traditional holography due to the lack of polarization-

sensitive natural materials. Past studies used birefringent 

metasurfaces composed of two superimposed independ-

ent transverse nanoantenna arrays arranged in orthogo-

nal directions to achieve polarization multiplexing [68, 

69, 81]. As shown in Figure 6A, there is very little inter-

ference or cross-talk in the far-field radiation [69]. Using 

the polarization as an additional degree of freedom, it is 

possible to design multi-wavelengths and polarization-

sensitive metasurface holograms. Using this technique, 

two independent holograms were sampled with square 

grids of nanorods and paired nanospheres for two colors 

at the orthogonal polarization states [68]. The local plas-

monic resonances along the cross-axes were addressed 

by orthogonal linear polarization states. As the nanorod 

arrays showed both longitudinal and transversal reso-

nance peaks in the red and blue regions, they produced 

the same images at two different colors, whereas the 

nanosphere arrays produced a single image at one color 

[68]. The helicity switchable property of the PB phase was 

applied for the spin multiplexing scheme. By using two 

spatially multiplexed reflection arrays of silver nanoan-

tennas, the resulting real and virtual holographic images 

with the spin dependence of incident photons can be 

reconstructed and switched, as shown in Figure 6B [82].

With the freedom of designing both the cross-section 

and rotation angles of dielectric resonators, metasurface 

platforms that provide complete control of polarization 

and phase with subwavelength spatial resolution were 

experimentally achieved by using elliptical or rectangular 

nanoposts [34, 83]. The general relation between the elec-

tric field of the input and output waves at each pixel can 

be expressed using the Jones matrix. Indeed, any desired 

symmetric and unitary Jones matrix can be realized using 

a birefringent metasurface if the polarization depend-

ent phase shift (φ
x
, φ

y
) and the azimuthal angle θ can 

be chosen freely. The freedom provided by the proposed 
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platform to simultaneously control the polarization and 

phase of light allows for the implementation of the polar-

ization-switchable phase hologram with two distinct pat-

terns for x- and y-polarized light, as shown in Figure 6C 

[34]. Capasso et  al. [83] further extended the method to 

allow the superposition of two independent and arbitrary 

phase profiles on any pair of orthogonal states of polar-

ization-linear, circular or elliptical-relying only on such 

birefringent metasurfaces. Crucially, the desired phases 

(combining both propagation and geometric phases) 

can be imparted on any set of orthogonal polarization 

states by simultaneously modifying the cross-section and 

angular orientation of each element. To demonstrate this 

arbitrary phase control for different polarizations, a meta-

surface that can encode separate holographic images for 

RCP and LCP light was fabricated. The near-field phase 

profiles yielding the far-field intensity images of a cartoon 

cat and dog were computed using iterative phase retrieval, 

as shown in Figure 6D. In contrast to geometric phase 

metasurfaces, only sections of the far-field can contain 

independent images for each spin [82]. While using the 

polarization multiplexing method presented here, the 

phase profiles imparted on each circular polarization and, 

consequently, the resulting far-fields, can be completely 

decoupled [83].

3.3   Algorithm

The two categories above discussed the strategies of holo-

graphic multiplexing from the perspective of the physical 

mechanisms. In the following, we introduce some recently 

developed holographic algorithms for multiplexing. In 

general, the design of the metasurface holographic mul-

tiplexing is mathematically cast into a combinatorial opti-

mization problem, with different display channels, such 

as polarizations, positions, angles and wavelengths.

The concept of the detour phase served as the core 

concept for the earliest CGHs, where the amplitude and 

the phase of the optical field were imposed by an array of 

apertures on the screen. The wavelets diffracted along a 

given direction from two neighboring apertures with dis-

tance D were phase-shifted relative to each other by the 

amount ∆ϕ = 2πD/λ sin θ, whereas the dimension of each 

aperture determines the amount of light passing through 

it [84, 85]. Capasso et al. designed a metasurface consist-

ing of dielectric ridge waveguide groups (DRWs), made of 

amorphous silicon, on a glass substrate. The interaction 

of the DRWs with the incident light is highly polarization-

dependent because of the deep-subwavelength width and 

asymmetric cross-section. A diffraction condition where 

most of the transmitted light was funneled into the first 

Figure 6: Polarization multiplexing.

(A) Linear polarization multiplexing by superimposing the two orthogonal arrays of the nanorods within one metasurface [69]. (B) Circular 

polarization multiplexing by interleaving two sets of the nanorod arrays based on the PB phase principle [82]. (C) Simultaneous polarization 

and phase modulation for demonstrating two independent holographic images by using the tailored elliptical posts for orthogonal linear 

polarizations [34]. (D) Experimental realization of a cartoon dog and cat with tailored Si nanofins for the orthogonal circular polarization 

multiplexing [83]. Reprint permission obtained from [34, 69, 82, 83].



L. Huang et al.: Metasurface holography      1181

orders (±1) was achieved by adjusting the DRW design 

parameters (width, height, separation and lateral dimen-

sion) of the meta-element. The desired phase profile was 

then converted into a spatial distribution of displace-

ments D(x
m

, y
m

), which was equivalent to a phase-only 

hologram. Furthermore, by using nanofins to form the 

supercells based on the geometric phase principle, the 

required phase map was achieved through the displace-

ment of each supercell, and chiral holographic multiplex-

ing was demonstrated [86].

For achieving multiple recording channels, an effec-

tive way to handle various images is to combine geometric 

metasurfaces with a simplified synthetic spectrum holo-

graphic algorithm. Such synthetic spectrum is composed 

of individual hologram spectra with different linear phase 

shifts. The selection of suitable parameters of the super-

imposed objects is crucial to the success of high-quality 

holographic multiplexing and reduced cross-talk between 

different images. Multiple hybrid multiplexing schemes 

were demonstrated, with position, polarization and angle 

channels. Thereby, each image can be reconstructed with 

a unique key [35]. Meanwhile, the reconstruction images 

can be reversed or rotated through a coordinate trans-

formation. Another method for multiplane holographic 

multiplexing was proposed by using the 3D Fienup algo-

rithm that constructed an iterative loop between multi-

ple target object planes and the hologram plane with an 

optimization to obtain the required single-phase profile 

[87]. Similar to the well-known GS algorithm, the phase 

profile of the hologram was optimized with an amplitude 

replacement in each object plane and an amplitude nor-

malization applied in hologram plane [88]. Such a 3D 

Fienup algorithm was characterized by introducing a feed-

back function used for the amplitude replacement at the 

object planes which can be expressed as | | .
n n
T T T T κ= + − ′  

In that equation, T is the amplitude of the target object, 

n
T ′  is the amplitude calculated from the nth iteration loop 

and T
n
 is the result of the feedback function, which is 

used to replace .
n
T ′  By appropriately choosing the feed-

back operation, the convergence speed can be increased 

significantly. As a result, one can get an optimized phase-

only hologram that allows the reconstruction of different 

target objects in different planes within the Fresnel range. 

Hence, the multiplexing capacity P
max

 can be significantly 

enlarged. Note that the estimation of P
max

 depends on the 

similarities of the recorded images, the overlap of the 

angular spectra and the proper choice of key parameters. 

Alternatively, by employing an orthogonal technique with 

base functions satisfy the Dirac-delta-relationship in the 

superposition process, the expected image can be exactly 

recovered free of cross-talk [35].

4   Surface wave holography

In the previous section, we discussed holograms for 

which the reconstruction is formed by free-space optical 

waves. However, surface waves, such as surface plasmon 

polaritons (SPPs), play an important role in several fields 

of science and technology. The subwavelength confine-

ment of SPPs has been revolutionizing the methods by 

which to control light at the nanoscale. For the surface 

holography, there is a fundamental difference because the 

SPP wavefronts are reconfigured or coupled from far field 

radiations through the interaction of metasurfaces. This 

opens up interesting new possibilities as it provides novel 

and powerful methods for controlling the near-field distri-

bution and connection of SPPs. In the following, we intro-

duce the principle of surface wave holography, together 

with various applications based on such techniques.

4.1   Principle

For mimicking the traditional holography principle, inter-

ference between a plasmonic reference and a plasmonic/

free-space object beam was suggested. In 2011, Ozaki et al. 

[89] achieved SPP color holography by recording the inter-

ference patterns of the object waves and reference waves 

with white light illumination from high index medium 

onto a surface. The SPP wave was then converted by such 

metasurface hologram into a radiative free-space light 

field, which reconstructed the object wave. Given that such 

a technique provides a natural separation between the ref-

erence wave and object wave, surface wave holography is 

advantageous in terms of background-free reconstruction.

Another method for surface holography defines 

equal phase grooves ϕ
SPP

(x, y) = ϕ
obj

(x, y) + 2mπ that can 

be etched in the metal surface (Figure 7A) [90, 92]. This 

assumes the existence of fictitious object beam sources 

for the recording process, which are reconstructed by 

the plasmonic reference wave. However, such a method 

does not address the coupling issue of the interacting 

SPPs [90]. Similarly, a four-fold multiplexed hologram 

was designed by incorporating the SPP propagation 

with polarized scattering, as shown in Figure 7B [36]. 

The reference SPP beam propagating towards the meta-

surface hologram from different directions is scattered 

by the corrugations to generate a free-space wavefront 

with predefined amplitude and phase distribution [36]. 

By approximating the nanoapertures as an ensemble of 

electric dipoles distributed on the surface, continuous 

phase modulation of SPPs was achieved, thus fulfilling 

the condition for surface wave holography (Figure 7C) 
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[37]. This is made possible by combining the holographic 

principle with a geometric phase matching scheme, which 

determines the orientation profile of the nanoapertures 

from the superimposition of the target SPP profiles for 

the two spins. The geometric phase, ±2α, at each particle 

is matched to arg(∂
x
 ± i∂

y
)E

z
 instead of simply arg(E

z
), by 

considering the vectorial nature of the propagation wave 

if a precise control of profiles is needed. Furthermore, 

the spin-enabled control of orbitals is potentially useful 

for constructing dynamic motion pictures with a series of 

picture frames. The maximum intensity can be tuned to 

occur at a polarization-selective angle ξ, by multiplying 

e±iξ on the LCP and RCP target profiles [37]. Meanwhile, it is 

desirable to introduce the SPP amplitude control simulta-

neously to increase the imaging quality. A control strategy 

to directly generate complex SPP holographic profiles by 

using slit-pair resonators was proposed (Figure 7D) [91]. 

By patterning the orientation angles (θ
1
, θ

2
) of such slit-

pair resonators while keeping the distance S conserved, 

the phase of the excited SPPs can be freely controlled by 

the summation of angles (θ
1
 + θ

2
) with the sign determined 

by the incident spin, while the amplitude is proportional 

to sin(θ
1
 − θ

2
). Similarly, the interference could be gradu-

ally tuned from constructive to destructive by designing 

the target profiles with a different initial phase [91]. Such 

tunability is particularly attractive in designing the SPP 

force to manipulate the motion of nanoparticles, which 

can be trapped or released by the intensity tunable closed-

loop SPP profiles.

Four issues need to be addressed in order to realize 

surface holography. First, coupling an SPP wave from a 

free-space wave requires momentum matching between 

the two wave vectors [93]. Second, the SPPs have a vectorial 

nature; thus, their excitation conditions and their ampli-

tude and phase should be defined accordingly. Third, in 

the near-field, all wavefronts or diffraction orders interfere 

together and the finite propagation distance should be 

considered. Finally, the holographic scheme means that it 

ideally works only for a single wavelength. However, they 

can tolerate a wavelength shift of about ±5% with accept-

able performance for most general schemes that do not 

provide dedicated dispersion compensation [94].

Figure 7: Surface wave holography.

(A) Schematic of the writing and reading process of in-plane surface holography for multiple wavelengths [90]. (B) Design of the  metasurface 

for the four-fold polarization controlled holographic multiplexing by coupling the SPPs to far-field radiation [36]. (C) Matching rule of 

surface holography by using the metasurfaces composed of nanoapertures to gain the independent spin-selective control of SPPs [37]. 

(D)  Schematic views of the metasurface unit composed of a pair of nanoslits, for the simultaneous modulation of the amplitude and phase 

of SPPs for surface wave holography [91]. Reprint permission obtained from [36, 37, 90, 91].
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4.2   Applications of surface wave holograms

Recent advances in the spatial and spectral shaping of 

SPPs are based on the realization of plasmonic holograms 

[25, 94]. We like to emphasize that such a holographic 

approach is very different from transformation optics. 

For transformation optics, the parameters are judicially 

chosen to create 2D distributions of the wavevector and the 

Poynting vector, as well as to ensure impedance match-

ing between the adjacent unit cells [95]. A holographic 

approach can relax the strict conditions of extreme per-

mittivity/permeability parameters as it only requires tai-

loring the phase and amplitude of the generated SPPs 

[94]. For this vision to bear fruits, new plasmonic metasur-

face holograms are needed so that these can act as optical 

interconnects between nanoscale plasmonic volumes and 

free-space optical elements.

Such holographic couplers can be utilized to achieve 

the selective detection of the orbital angular momentum 

of light. The metasurface hologram was designed with 

the interference patterns of an object free-space vortex 

beam with a certain topological charge and a reference 

plasmonic beam. When free-space beams were shined 

on such hologram, which controlled the spatial shape of 

SPP beam, by using this concept, it was possible to detect 

the original orbital angular momentum carried by the 

free-space beam [96]. Other strategies utilized interfer-

ence between a reference plasmonic beam and an object 

free-space beam to reconstruct a desired free-space beam 

wavefront in the far-field [25]. Such holographic couplers 

have potential applications in various areas of integrated 

optics by combining metasurfaces with a standard com-

mercial photodiode. Even though the inherent loss of the 

SPP wave is fundamental and acts as a major inhibitor for 

a variety of plasmonic applications, the ability to gener-

ate arbitrary SPP profiles in a controllable manner based 

on a holographic principle is a crucial step in designing 

plasmonic imaging and lithography devices. We note 

that, apart from fully controlling the SPP wavefront, meta-

surface holography can also be utilized for tailoring the 

energy spectrum of the SPP excitation [94]. This may open 

up exciting opportunities for the temporal shaping of SPP 

waves.

5   Nonlinear holography

The abilities of metasurfaces to promote light-matter 

interaction and manipulate local optical polarizations 

are ideally suited to tailor nonlinear optical effects [97]. 

In addition to the success of metasurfaces in the linear 

optical regime, the concept of phase tailoring metasur-

faces was recently extended to the nonlinear regime, thus 

enabling both coherent generation and manipulation of 

new frequencies.

Inspired by the concept of the linear PB phase ele-

ments, a nonlinear plasmonic metasurface was demon-

strated, which allowed a continuous control of the phase 

of the local effective nonlinear polarizability [98]. It was 

shown that the nonlinear polarizability of the meta-atom 

can be expressed as ( 1)

, ,

n n i
e

ω θσ

θ σ σ
α

−

∝ and ( 1)

, ,
,n n i

e
ω θσ

θ σ σ
α

+

−
∝  

respectively, for the nth harmonic generation with the 

same or opposite spin (±σ) compared with that of the 

fundamental wave. The relative phase factors (n − 1)θσ 

and (n + 1)θσ of the nonlinear waves depend only on the 

orientation angle θ of the meta-atom. Thus, two different 

continuous phases were imposed on the harmonic gener-

ation signals of opposite spins. Such geometric nonlinear 

PB phases enabled a continuous control over the phase 

change from 0 to 2π. According to the selection rules for 

harmonic generation of circular polarized fundamen-

tal waves, the meta-atom allows only harmonic orders 

of n = lm ± 1, where m represents the m-fold rotational 

symmetry and l is an arbitrary integer. Although the ori-

entation angle controls the nonlinear phase for certain 

harmonic generation orders, it does not affect the linear 

optical response for rotational symmetries with m > 2. 

Hence, the linear and nonlinear optical properties of the 

rotationally symmetric antennas can be decoupled from 

each other [98].

Combining the concept of nonlinear metasurfaces 

with mature holography optimization techniques, it is 

possible to convert one fundamental wave into multiple 

beam profiles or images using a single metasurface. Ye 

et al. selected split ring resonators (SRRs) as meta-atoms 

due to their strong polarization properties in the linear 

regime as well as the high second-harmonic generation 

efficiency. The SRR possessed one-fold mirror symmetry, 

which can be used for investigating second harmonic 

generation (SHG) due to the lack of centrosymmetry. For 

a fundamental beam of spin σ illuminating upon such a 

metasurface, the transmitted fundamental beam of –σ 

acquires a linear PB phase of 2σθ, whereas the SHG signals 

with spin σ and –σ acquire a nonlinear PB phase of σθ and 

3σθ, respectively. Thus, by patterning orientation angles 

θ(r) of each individual SRR, the phase profiles can be 

arbitrarily manipulated to optimize the construction of 

three independent image intensity profiles, as shown in 

Figure  8A [38]. Note that the three different images are 

independently read out by selecting the frequency and 

spin of the transmitted light. In this way, multi-channel 
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information capacity can be obtained for a single metas-

urface by utilizing nonlinear optical processes.

Another strategy uses multilayer metasurfaces com-

posed of V-shape nanoantennas for nonlinear hologra-

phy (Figure 8B) [39]. By approximating the nonlinear 

nanoantennas as point dipoles with effective third-order 

nonlinear susceptibility 
(3)

eff
,χ  the third-order material 

polarization (oscillating at 3ω) is given by [39]

 
(3) (3) ( ) 3

eff 1
(3 ) (3 , )[a( ) ] ,i

e
ϕ ω

ω χ ω ω ω∝P E  (5)

where a(ω) is the near-field enhancement, ϕ(ω) is the 

phase-shift of the fundamental beam and E
1
 is the 

incoming wave. Therefore, the third-harmonic field E
3
 

will acquire phase shift of 3ϕ(ω), whereas an additional 

relative phase shift may be added depending on the res-

onant nature of 
(3)

eff
.χ  This approach was used to embed 

two active nanoantenna layers with different holograms 

in each layer. Note that each image was recreated only 

by the properly polarized input beam and emanates 

from a single layer of nanoantennas within the double 

layer metasurfaces. As an example, the authors demon-

strated the reconstruction of the Hebrew letters Aleph 

and Shin for vertical and horizontal polarizations, 

respectively [39].

Actually, in a general theoretical framework employ-

ing the effective nonlinear susceptibility, the polarization 

vector P
i
 containing both linear and nonlinear terms can 

be written as

 

(1) (2) (3)

0 0 0
P .
i ij j ijk j k ijk j k l

j jk jkl

E E E E E Eε χ ε χ ε χ= + + +…∑ ∑ ∑  

 
(6)

From there, it is clear that every combination of polar-

izations of the impinging and outgoing beam acquires a 

specific phase factor that depends on the nonlinear sus-

ceptibilities and phase shifting of each element, thus 

allowing the full control of 0–2π phase range [99]. Such 

kind of nonlinear metasurfaces may provide more possi-

bilities for controlling higher-order nonlinear holography.

Nonlinear metasurface holography is a promising 

candidate for applications in anti-counterfeiting, hidden 

security identification features, multidimensional optical 

data storage and optical encryption. Indeed, by using 

symmetry-controlled high-harmonic generation from 

metasurfaces, it is now possible to engineer both the 

polarization and wavefronts of high-order harmonic gen-

eration efficiently.

6   Active metasurface holography

Active metasurfaces have taken off as an emerging sub-

field of metasurfaces, stimulating a gradual transition of 

metasurface holography from passive to active elements. 

Such devices play a crucial role in various nanophotonic 

systems [9]. Metasurfaces integrated with various func-

tional materials, such as phase change materials [43] 

(germanium antimony tellurium alloy Ge
2
Sb

2
Te

5
, vana-

dium dioxide VO
2
) and 2D materials [100] (graphene, 

borophene), can extend their exotic passive properties by 

allowing pixel-level independent control of active com-

ponents. Through various modulation methods, such as 
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Figure 8: Nonlinear metasurface holography.

(A) Schematic of the nonlinear phase modulation principle using the split-ring resonators with C1 symmetry, together with the spin- and 

wavelength-dependent holographic images at different channels [38]. (B) Nonlinear metasurface hologram composed of double-layer 

V-shaped antennas for the third-harmonic generations of holographic images [39]. Reprint permission obtained from [38, 39].
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thermal excitation, voltage bias, magnetic field, optical 

pump or mechanical deformation, the local optical prop-

erties can be judiciously tuned to adapt to the operational 

conditions, which may ultimately empower dynamic 

capabilities for computational imaging, wireless commu-

nication and so on.

Many efforts have been done by incorporating novel 

functional materials into metasurfaces. Graphene oxide 

(GO) has emerged as an active material once it is reduced 

back towards graphene or reduced graphene-oxide (rGO), 

yielding contrast in optical and electronic properties. 

A thermally digitalized photoreduction of GOs in pho-

topolymers by femtosecond laser enables the control of 

the refractive index of rGOs. Through an area-by-area 

digitalization to achieve the refractive index modulation, 

Li et al. [40] demonstrated the multilevel phase hologra-

phy with a diffraction efficiency of 15.88%, as shown in 

Figure 9A. Meanwhile, the reversible reduction and oxida-

tion of GOs by switching the polarity of electrical stimulus 

might be used for updatable holograms. In addition, the 

spectrally flat refractive-index modulation of the photore-

duction process enables its application for wavelength-

multiplexed full-color 3D images [40]. Another promising 

method uses a thin film of chalcogenide phase-change 

material encapsulated by the dielectric layers for the holo-

gram panel and excimer laser lithography. The represent-

ative phase-change materials, such as vanadium dioxide 

(VO
2
) or germanium antimony tellurium alloy (Ge

2
Sb

2
Te

5
, 

GST), have been thoroughly investigated for integrated 

active optical devices. The phase change of GST films is 

non-volatile, repetitive and easily controlled by both the 

electric and optical stimuli. According to the material 

properties of the GST between amorphous or crystalline 

phase, significant changes in the refractive index and 

extinction coefficients can be reached. With that, the reso-

nance condition after the insertion of the GST film into a 

dielectric medium can be shifted from the original reso-

nance condition, allowing a large phase shift of the reflec-

tion coefficient (Figure 9B) [41].

By applying the isotropic strain to metasurface holo-

grams on a stretchable polydimethylsiloxane (PDMS) 

substrate, the hologram image can be reconfigured 

[101]. The Huygens-Fresnel Principle has shown that 

for a given stretch ratio s, the electric field alters to 
22 ( 1)( , , ) ( , , ) ( , , ) .ik s zE x y z E sx sy s z E x y z e −

= =′ ′ ′ ′ ′        Therefore, 

if a metasurface hologram is stretched by a factor of s, 

the hologram image is enlarged accordingly, and the 

hologram image plane moves away from its unstretched 

z position as 2( 1) .S z−  By leveraging the fact that the 

image plane position changes when the substrate is 

stretched, the reconfigurable metasurface holograms 

can be obtained. If the reconstructed hologram image is 

observed at a fixed plane, it can be changed upon stretch-

ing the metasurface, resulting in a different reconstructed 

image (Figure 9C) [101].

Additionally, active elements (e.g. varactors and 

diodes) were utilized on metasurfaces to demonstrate 

the dynamic EM wave controls at microwave frequen-

cies. For example, by incorporating an electric diode 

into the unit cell of the metasurface, the scattering state 

of each individual unit cell can be controlled. Cui et al. 

demonstrated a programmable 1-bit coding metasurface 

hologram that can generate arbitrary holographic images 

by programming the input control voltages via the field 

programmable gate array (FPGA). The state of each unit 

cell of the coding metasurface can be switched between 

“1” and “0” by electrically controlling the loaded diodes. 

Consequently, the binary amplitude holograms can be 

reprogrammed through digitalization. The reconfigura-

tion time is completely determined by the FPGA clock 

rate [102]. Such reprogrammable metasurface holograms 

can be readily extended to exhibit multiple bits and 

Figure 9: Active metasurface holography.

(A) Active metasurface hologram composed of the functional graphene oxide materials for achieving 3D holography with wide viewing 

angles, which is rewritable by pumping with femtosecond laser pulses [40]. (B) Active metasurface hologram integrated with the phase 

change material GST, which can be switched between the crystallization or amorphous state [41]. (C) Mechanically stretchable metasurface 

hologram for switchable image reconstructions at a fixed plane [101]. Reprint permission obtained from [40, 41, 101].
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simultaneous phase and amplitude modulations that 

can lead to versatile devices with adaptive and rewrita-

ble functionalities. All the functionalities of metasurface 

holography mentioned above are briefly summarized in 

Table 2.

7   Holographic-related techniques 

and perspectives

The metasurface holography demonstrated so far pos-

sesses high design flexibility owing to its diverse modu-

lation mechanisms and structural building blocks. The 

holography principle is used as a tool to solve an inverse 

engineering problem to excite either free-space beams 

or surface waves with any desirable field distribution. 

Nevertheless, several challenges remain, in particular in 

terms of theoretical modelling, metasurface design and 

real-time reconfigurability. In addition, advanced nano/

fabrication techniques are highly desirable for realizing 

subwavelength features over large areas to obtain high-

quality metasurface holograms.

(1) Theoretical modeling

In general, the existing holographic modeling 

methods (point source algorithm, polygonal mesh 

algorithm, GS algorithm, genetic algorithm, etc.) can 

be directly applied to metasurfaces [59]. The new 

degrees of freedom provided by the metasurfaces can 

conquer traditional problems faced by holographic 

related techniques. Despite the new opportunities, 

metasurfaces continue to face new challenges, as 

partially discussed in Section 3.3. Nevertheless, to 

exploit the full potential of the local optical proper-

ties modulated by the metasurfaces (e.g. simultane-

ous complex amplitude and polarization modulation, 

angular momentum multiplexing, active/switchable 

modulation and so on), smart algorithms/strategies 

should be developed for different application occa-

sions. Meanwhile, there is a need for additional 

scalar/vector theoretical tools (method of moments 

for antenna analysis, dipolar modeling and so on) 

that can directly connect shape and material proper-

ties of meta-atoms to the complex macroscopic values 

for more accurate calculations, especially by consid-

ering the evanescent waves [103]. Furthermore, accu-

rate, high precision and fast calculations of CGHs are 

highly on-demand.

(2) Metasurface design

For the sake of future development, it is desirable 

to incorporate metasurfaces with other platforms 

for achieving novel physical mechanism. Studies 

on materials with low losses, durability and CMOS 

compatibility for metasurfaces have become very 

prominent in recent years, and several material 

systems were used to demonstrate all-optical, non-

volatile, switchable and high-resolution hologra-

phy. By designing scattering elements to provide the 

degrees of freedom to simultaneously engineer the 

local amplitude, phase and polarization response 

on an ultrathin interface, it might be possible to 

provide a suitable platform to realize all types of 

vector holograms. Additionally, as metasurfaces are 

frequently illuminated using normal incidence, the 

collective modes based on in-plane electric dipole 

momentums are typically involved. However, the col-

lective excitations involving the out-of-plane electric 

dipole moments have received much less attention. 

A natural approach to probe such modes is to use 

optical illumination away from normal incidence 

upon nanopillars/multilayer metasurfaces. Alterna-

tively, a 3D full-wave analysis is required for such 

complex system. To achieve a complete metasurface 

design theory, it is desirable to investigate such out-

of-plane dipole moments.

(3) Real-time reconfigurability

Despite the rapid progress in active metasurfaces, the 

simultaneous realization of real-time reconfigurabil-

ity, high efficiency and large FOV for the scattered 

light has yet to be achieved. We remark that the recon-

figurable metasurface hologram may be realized by 

using the thermal effect phased arrays [24], electro-

optical modulations [23], liquid crystals [104] and 

programmable gate arrays [102]. Several well-estab-

lished switchable diodes may facilitate the frequency 

scaling from microwave to other spectral regions, for 

instance, the Schottky diode at the terahertz and the 

thermal VO
2
 diode at infrared and visible frequencies. 

To extend the dynamic metasurface holography to 

higher frequencies through dynamically modifying 

the phase change materials, there is a need to further 

develop multi-beam control techniques by laser stim-

ulus to enhance the rewritable/real-time control rate. 

Additionally, incorporating cutting-edge nanofabrica-

tion techniques for developing pixelated nanoelec-

trode and nanogenerator/controller might be a key 

step in enabling future intelligent devices with recon-

figurable and programmable functionalities, such as 

novel camera modules for cell phones and laptops, 

wearable displays for augmented reality, metrology, 

3D imaging and lasers for various innovative port-

able/handheld instruments.
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(4) Applications

The universality and simplicity of the holographic 

strategies can offer promising opportunities for 

various practical applications. Here, we only name a 

few of the important related techniques.

(a) Optical information processing. Metasurface-

based CGHs can be used as spatial filters, beam-

shaping elements, deflectors, beamsplitters 

and optical interconnects and can also be used 

for optical communications, high-performance 

computing (multiplications) and for information 

display.

(b) Optical metrology. Holographic interferometry 

is a technique that enables the measurements 

of static and dynamic displacements of objects 

with optically rough surfaces at an optical inter-

ferometric precision [105]. The metasurface holo-

grams can be used to detect optical path length 

variations in transparent media, which allows, 

for example, a fluid flow to be visualized and ana-

lyzed. They can also be used to generate contours 

representing the form of the surface or the isodose 

regions in the radiation dosimetry. Such a tech-

nique can be widely used to measure the stress, 

strain and vibration in engineering structures.

(c) Chemical/biological sensors. The metasurface 

hologram made from a modified material can be 

utilized to interact with certain molecules to gen-

erate a change in the fringe periodicity or refrac-

tive index. Hence, the color of the holographic 

reflection can be changed [106]. Meanwhile, many 

of the existing chemical and biological sensors’ 

principle can also be applied to metasurfaces.

(d) Optical security and counterfeit. The potential of 

holograms as security features for valuable docu-

ments and products has been realized since the 

early days of holography [59]. The metasurface 

holograms are ideal candidates as an encrypted 

pattern because of the convenient and robust pro-

cessing of data handling and encryption and due 

to their high-precision and easy usage of multiple 

control parameters, including polarization, wave-

length, positions, materials properties and so on, 

which can increase the security level.

8   Summary

In this overview article, we reviewed the history and 

development of metasurface holography – from the early 

stages of holographic image generation to the most recent 

advanced holographic multiplexing. We presented several 

approaches that have been used to enable the control of 

the free space and surface plasmon polariton wavefront 

based on metasurface holography principles. Here, we 

only discussed the electromagnetic metasurfaces, while 

metasurfaces can also be incorporated to achieve the 

acoustic holography for various sound field applications. 

However, the acoustic counterpart to the optical hologra-

phy is beyond the scope of this review.

Metasurfaces based on holographic related tech-

niques are not only expanding our understanding of the 

underlying physics but also can potentially lead to the dis-

covery of unanticipated phenomena and applications. We 

anticipate that the advancements in this field are crucial 

in the realization of any arbitrary beam control and can 

further stimulate the development of new products by the 

nanotechnology industry.
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