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Since Leith and Upatnieks demonstrated the first optical hologram in 1964, holo-

gram technology has attracted a great deal of interest in a wide range of optical fields

owing to its potential use in future optical applications such as holographic imaging

and optical data storage. Although there have been considerable efforts to develop

holographic technologies using conventional optics, critical issues still hinder future

development. Recently, metasurfaces composed of artificially fabricated subwave-

length structures have been considered as novel holographic devices that show an

unprecedented ability to control electromagnetic waves. In this review, we outline

the recent progress in metasurface holography. A general introduction to several

types of metasurface holography categorized based on their physics and application

is provided. Then, our personal perspective on the future of this field is discussed.
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1 | INTRODUCTION

Holography is an optical technology that records and recon-
structs wavefronts of light analogously or digitally, and has
exhibited potential for use in next‐generation imaging tech-
nology with various applications such as three‐dimensional
holographic imaging and optical data storage [1–3]. To
achieve holographic images, various holographic devices,
including spatial light modulators and diffractive optical ele-
ments, have been explored, but their limited capabilities have
hindered further development of holographic technology. In
particular, existing holographic devices provide resolution of
only a few microns in their reconstruction‐process, in which
a subwavelength‐scale resolution is required to remove any
other diffraction orders obstructing the reconstructed holo-
graphic images. Moreover, the current state‐of‐the‐art holo-
graphic devices only provide either phase or amplitude
modulation of light, while both are required to completely
reconstruct wavefronts of light in holography.

A metasurface is a flat optical device composed of
artificially fabricated subwavelength nanostructures, namely
meta‐atoms, with unique optical responses not found in

nature [4–8]. Owing to its extraordinary light modulation
ability, it can enhance or even implement optical phenomena
that have not been previously observed in nature [9-14].
Thus, metasurfaces have been used to replace conventional
bulk optics in a variety of optical applications. Recently,
researchers in the field of metasurface have focused on wave-
front engineering because of its ability to design optical
responses in subwavelength regions [15–18]. It has been
found that, by designing subwavelength nanoantenna mor-
phologies in metasurfaces, a wide range of light‐mater inter-
actions can be obtained. In this context, an attractive
metasurface application is metasurface holography [19–21].
In particular, numerous approaches have been proposed to
implement novel holographic devices, and metasurfaces have
been found to provide high‐quality holographic reconstruc-
tion of light with spatial amplitude and phase information at
a subwavelength resolution. As metasurface holograms have
many advantages and features over conventional holograms,
metasurface holography is expected to make holographic
technology a promising application for everyday life.

In this review, we introduce the basic concepts and
recent advances of metasurface holography. We organize
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the contents into several categories as follows. First, we
introduce representative metasurface principles for wave-
front engineering, and discuss metasurface holograms with
phase modulation. Then, metasurface holograms with com-
plex‐amplitude modulation that completely eliminate the
chronic problems of traditional holography are introduced
as a next step. Various wavelength‐multiplexed metasurface
holograms for full‐color holography are also discussed.
Next, we introduce the polarization multiplexing achieved
by using meta‐holograms in which different holographic
images can be switched between each other by tuning the
polarization states of the incident light. Then, active meta-
surface holograms, which can be electrically or chemically
controlled, are discussed. Finally, our personal views on
the future of metasurface holography are provided.

2 | BASIC PRINCIPLES OF
METASURFACES

As holography is an optical technique for recording and
reconstructing the wavefront of electromagnetic waves, an
ability to record and reconstruct spatial amplitude or phase
distribution is fundamentally required to materialize holo-
graphic devices. Therefore, studies on metasurface hologra-
phy are related to developing amplitude or phase
modulating structures with some additional functionalities.
Various principles have been applied to develop metasur-
face holography. In this section, we summarize some of
the most representative principles among the proposed phy-
sics in metasurface holography.

2.1 | Meta‐atoms with plasmonic resonance

In the early stages of wavefront shaping metasurface devel-
opment, the first proposed meta‐atom fully controlling the
phase of light from 0 to 2π was a V‐shaped antenna [14]. The
V‐shaped antenna is composed of two identical gold nanor-
ods with an arbitrary angle, in which the length of the
nanorod and the angle between the two nanrods determine
the transmission behavior through the meta‐atom. There are
two resonant modes in this plasmonic meta‐atom, that is,
symmetric and antisymmetric modes according to the
induced current distribution, and the physics of the meta‐
atom is based on the hybridization of these two modes. As
shown in Figure 1A, the symmetric mode is excited under
linear polarization along the symmetry axis of the meta‐atom,
while the antisymmetric mode is excited under orthogonal
polarization. Therefore, any other linear polarization other
than the two aforementioned polarizations induces both reso-
nant modes, leading to the hybridization of two resonant
modes. As a result, there are two components in the scattered
light from the meta‐atom that contribute to the desired phase

modulation: one is a co‐polarized component with normal
transmission and the other one is a cross‐polarized compo-
nent with anomalous transmission. Here, co‐ or cross‐polari-
zation mean identical or mutually orthogonal polarizations,
respectively, compared with the polarization of input light.
Yu et al have shown that several combinations of the lengths
and angles of the arms of V‐shaped antenna successfully pro-
vide full‐phase modulation from 0 to 2π as shown in Fig-
ure 1B [14]. Although this first attempt was impressive in
terms of wavefront manipulation, the meta‐atom is limited to
plasmonic materials owing to its resonant origin; therefore,
its efficiency and bandwidth are quite limited. Furthermore,
this method is based on using cross‐polarized components
rather than incident polarized components. This complicated
mechanism hinders its further use in optical applications.

2.2 | Pancharatnam‐Berry phase meta‐atom
Phase or amplitude modulation via the aforementioned
methods is based on a change in antenna geometry, so
highly accurate fabrication and narrow bandwidths are
needed. Rotation of rectangular nanorods with dielectric or
plasmonic materials provides full‐phase modulations with
broadband characteristics in circular polarization states as
shown in Figure 1C [22]. This is based on the spin‐rotation
coupling of light, which is generally called the Pancharat-
nam‐Berry phase (PB phase) or geometric phase. The the-
ory of the PB phase can be derived from considering the
optical response of an arbitrarily anisotropic nanorod. An
anisotropic nanorod can be represented by a Jones matrix J
within the coordinates consisting of a longer and shorter
optical axis as follows,

J ¼ tl 0
0 ts

� �
; (1)

where tl and ts are the complex coefficients for longer and
shorter optical axes, respectively. Using the Jones matrix, a
nanorod with an orientation angle of θ can be calculated
using a rotation matrix R(θ), resulting in T = R(–θ)JR(θ).
Now, in the case of a circularly polarized incidence with a
handedness of σ (where σ = 1 or −1 for right or left circu-
lar polarization, respectively), the complex transmittance
from the nanorod can be calculated using the Jones matrix
T as follows:

Et ¼ T σj i ¼ tl þ ts
2

σj i þ tl � ts
2

e∓j2σθ �σj i; (2)

where the Jones vectors for circular polarization is repre-
sented as �σj i ¼ 1 � jσ½ �T= ffiffiffi

2
p

: As shown in the right
side of (2), the complex transmittance for circularly polar-
ized incidence is composed of two orthogonal components
with their own complex amplitudes, while the phase delay,
which is related to the orientation angle θ, exists only in
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the cross‐polarized component, as shown in Figure 1C. As
the PB phase depends only on the orientation angle of the
nanorod, other factors like wavelength do not affect the PB
phase; thus it has a broadband nature.

2.3 | Dielectric meta‐atom with propagation
phase

All‐dielectric metasurfaces have a clear advantage in terms
of efficiency owing to the lower absorption coefficients of
dielectric materials than metals in the visible or near infra-
red region [7,8]. A typical shape of a meta‐atom is a cylin-
drical post. From the viewpoint of the refractive index,
there are two main principles for determining the optical
behavior of the dielectric meta‐atoms. For example, a cylin-
drical meta‐atom with a low‐index dielectric can be
regarded as a kind of dielectric waveguide. Therefore, the
phase information can be modulated by the effective refrac-
tive index determined by parameters such as the height or

size of the post [23]. Figure 1D shows the schematic of a
low‐dielectric post when the linearly polarized light is inci-
dent normally to the post. The graph on the right panel
shows simulation results representing the amplitude and
phase of the transmitted light in terms of post diameter,
and we can see that the phase can be fully controlled from
0 to 2π, while the amplitude is almost constant. Some fluc-
tuations in the amplitude and phase of the colored areas
occur due to resonance, which should be avoided to design
a metasurface, but do not interfere with the arbitrary design
of the phase profile.

On the other hand, high‐index dielectrics, like silicon,
in the visible region, have a relatively strong resonance,
and the geometry of the meta‐atom determines the reso-
nance modes or intensity. For example, electric dipole
modes and magnetic dipole modes are dominant in general
cases, while other higher modes also exist. Recently, it was
reported that the carefully designed silicon nanodisk has
almost equal amounts of electric and magnetic dipole
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FIGURE 1 Meta‐atoms for phase modulation. (A) Schematic illustration of the physical mechanism of V‐shaped antenna. Superposition of
the symmetric and antisymmetric modes is designed by parametric changes of the V‐shaped antenna, resulting in realization of full‐phase
modulation of transmitted light [14]. (B) Phase gradient for beam deflection can be realized by utilizing these V‐shaped antennas [14]. Γ
represents a period of V‐shaped antenna array, and X and Z represent spatial coordinates. (C) Schematic of a Pancharatnam‐Berry phase meta‐
atom using nanorods under circularly polarized incidence, where the phase delay of the scattered light is determined by the orientation of
nanorods [28]. (D) Schematic of a dielectric waveguide post where the phase delay is controlled by change of the post diameter [23]
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modes, resulting in a high transmission metasurface with-
out reflection. This is due to the symmetry characteristics
of the resonance modes, where the electric dipoles induce
symmetric scattering, but the magnetic dipoles induce
asymmetric scattering. Their sum results in constructive or
destructive interference in transmission or reflection,
respectively. Such metasurfaces are called Huygens’ meta-
surfaces and recently have been applied in designing high
efficient metasurfaces in the visible spectrum [24,25].

3 | METASURFACE HOLOGRAPHY

Based on the concepts introduced in the previous section, as
well as the use of additional physics, various metasurface
holograms have been proposed over the last few years. In
this section, we outline types of metasurface holograms,
including transmissive or reflective meta‐holograms, com-
plex‐modulated meta‐holograms, multicolor meta‐holograms,
multiplexed meta‐holograms, and active meta‐holograms.

3.1 | Phase‐only holograms

The first stage of metasurface holography involves showing
phase‐only holograms with subwavelength phase modula-
tions. Compared to conventional holography, metasurface
holograms possess subwavelength pixel resolution, which is
important in optical holography; the size of pixel determines
not only the image resolution, but also the viewing angle of
the reconstructed holograms, which is crucial in three‐dimen-
sional holography. On the other hand, micron‐scale resolu-
tions in conventional holography make the holographic
images have narrow viewing angles of about a few degrees.
Therefore, the first demonstration of metasurface holography
with subwavelength resolution was impressive and solved
the chronic bottlenecks in conventional holography.

A V‐shaped plasmonic antenna was employed to realize
metasurface holography with full‐phase modulation in lin-
ear polarization states, while the previous works based on
the V‐shaped antenna only focused on beam deflections
[14,26]. The study sufficiently showed powerful perfor-
mance owing to the subwavelength resolution of the meta-
surface holography. In addition, broadband three‐
dimensional holography based on the PB phase has been
suggested for successfully reconstruction of three‐dimen-
sional holographic images [27]. This result demonstrates
the potential of three‐dimensional broadband metasurface
holography, and this was an important early attempt for
numerous further studies in the future.

Although the aforementioned attempts successfully
showed metasurface holography with full‐ and subwave-
length phase modulation, efficiency was low owing to
metallic loss in the visible spectrum. In order to overcome

the efficiency issue, pioneering works have been suggested.
Zheng et al have shown that a multilayered design of a
reflective metasurface dramatically improves the efficiency
of the surface [28]. The proposed metasurface is composed
of metal‐insulator‐metal (MIM) layers and a top metal layer
that consists of gold nanorod arrays to describe phase pro-
files according to the PB phase. This scheme generates
multiple reflections in the internal layer and then enhances
the reflection efficiency. Furthermore, as it is a highly
accurate design that enables matching of the half‐wave
plate condition, the conversion efficiency between the mod-
ulated and incident light is optimized. As a result, the
phase holograms achieve a diffraction efficiency over 50%
in a broad bandwidth over 400 nm, where the maximum
efficiency is over 80% at a wavelength of 825 nm, as
shown in Figure 2D. Compared to the efficiencies obtained
in previous studies, an 80% efficiency was remarkable, and
this multilayer approach has been applied in the design of
various reflective metasurfaces.

For transmission, all‐dielectric metasurfaces have come
to the fore because dielectrics experience much less loss
than metals. Figure 2E shows a Huygens’ metasurface
hologram that has near unity efficiency with phase modula-
tion [25]. More recently, other methods for obtaining a
much higher efficiency have been suggested. Several metal
dioxides or nitrides like TiO2, SiNx, and GaN typically
have almost zero absorption in the visible region, even
though they have high refractive indices of about 2–3 [29–31].
For future metasurface holography, these materials would
play an important role in the design of optical metasurfaces,
although issues like the fabrication difficulty of the materi-
als remain.

3.2 | Complex‐amplitude holograms

Most of the existing holograms and metasurface holograms
are based on phase‐only methods that describe the holo-
graphic images as shown in the previous section. Although
metasurface holography with phase modulation provides
higher resolution compared to conventional holography, a
critical problem regarding image quality still remains. In
theory, holography essentially requires both amplitude and
phase information to ultimately reconstruct the desired elec-
tromagnetic waves. However, the current spatial light mod-
ulators and many holographic metasurfaces cannot provide
both amplitude and phase modulation. This is because the
operating mechanisms for controlling the amplitude or
phase of a conventional device and metasurface fundamen-
tally interfere with each other, which is problematic for
independent and complete control of both amplitude and
phase. Therefore, phase‐ or amplitude‐only holograms exhi-
bit critical noise or destructed wavefronts in the image
plane owing to a lack of light information.
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In the metasurface field, there have been some attempts
to implement full complex‐amplitude modulation [26,32–34].
Ni et al have shown that V‐shaped antennas with blank pix-
els can produce two‐level amplitude and eight‐level phase
modulation, where a blank pixel means zero amplitude at
that position [26]. A comparison of several cases reveals
that a larger amplitude and more phase levels are needed to
reconstruct sharper images (Figure 3A). Even though the
proposed method cannot provide higher amplitude levels, it
was a significant attempt to show the importance of com-
plex‐amplitude modulation.

To increase amplitude levels, a C‐shaped antenna for
the terahertz region was suggested as shown in Figure 3B.
Like the V‐shaped antenna, the C‐shaped antenna also has
two resonant modes, that is, the symmetric and antisym-
metric modes, but the authors adopted this mechanism to
fully control both the amplitude and phase profiles. Then,
the orientation angle and open angle of the C‐shaped
antenna successfully achieve simultaneous control of both
amplitude and phase, but this scheme was limited to the
terahertz region [32].

In the visible spectrum, recent studies have shown that
an X‐shaped meta‐atom provides independent, continuous,
and broadband modulation of both amplitude and phase
information within a subwavelength scale. The X‐shaped

meta‐atom possesses two independent modes for the PB
phase, which can be controlled by the orientation angles
of the two arms of the X‐shaped structure so that the
arbitrary superposition of the modes results in an arbitrary
complex value as shown in Figure 3D. This full and
broadband complex‐amplitude modulation successfully
provides vivid complex‐amplitude modulated holograms
without any noise in the entire visible region, as shown
in Figure 3E. Compared to the phase‐only holograms, this
hologram achieves a signal‐to‐noise ratio (SNR) of 211,
which is much higher than the SNR of 50 for phase‐only
metasurface holography [34]. Another advantage of com-
plete complex‐amplitude modulation is elimination of the
limited zone in designing computer generated holograms.
For the holograms with phase‐only modulation, the Fraun-
hofer condition should be considered to fully reconstruct
the recorded information owing to a lack of amplitude
information. This means that some distances from the
wavefront plane (ie, the metasurface plane) should be pro-
vided, as the allowed space for holography is limited.
However, complex‐amplitude modulation enables the
holography to transcend the Fraunhofer condition so that
even images can be reconstructed just above the metasur-
face plane, as shown in “S” images represented in Fig-
ure 3E [34].
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3.3 | Multicolor holograms

Although the PB phase provides broadband operation of
the metasurfaces, full‐color holograms require a more com-
plicated strategy, such as wavelength‐dependent phase con-
trol. This is also related to implementing achromatic optics
in which different wavelengths require different wavefronts
to equally act; however, this implementation is very chal-
lenging. Therefore, researchers studying full‐color holo-
grams started by employing indirect strategies. Wang et al
have suggested a macro pixel composed of three different

plasmonic nanorods [35]. Each of the nanorods has a
different spectrum, and its resonance is specified for the
target wavelength. Therefore, like a general display panel,
the metasurface consists of spatially multiplexed pixels for
providing multicolor holography, as shown in Figure 4A.

Another method for achieving multicolor holography is
using an off‐axis strategy. Figure 4B and C represent two
metasurface holograms that are based on the off‐axis strat-
egy. Figure 4B shows a plasmonic metasurface consisting
of nanoslits based on the PB phase [36]. For multicolor
holography, a phase hologram that is composed of multiple
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images in which each image has a different wave vector
component is designed. Then, three wavelengths with three
different incident angles are applied to reconstruct the full‐
color hologram. It is worth noting that different incident
angles move unwanted images at other wavelengths out of
the measured area. In this way, only the target holographic
images with target wavelengths are present in the image
plane, while other unwanted images remain outside the
measured area. Similarly, for Fourier domain imaging, obli-
que incidence induces a tangential component of the k‐vec-
tor onto the metasurface plane, resulting in lateral shifts of
the holographic images along with the tangential compo-
nent of the k‐vector. Figure 4C shows the schematics and
results of a metasurface based on this scheme, and more
complicated arrangements of seven wavelengths with their
own incident angles realize full‐color images [37]. These
methods simply provide multicolor images with unwanted
crosstalk, which should be solved for further development.

One can also design a wavelength‐sensitive meta‐atom
that modulates the phase of light only at a specific wave-
length and does not operate at other wavelengths. Using
this idea, multicolor metasurface holograms with subcolor
pixels have been developed in the subwavelength scale. As
shown in Figure 4D, Huang et al designed a subwave-
length super‐pixel composed of four nanorods based on the

PB phase [38]. The colors of the different nanorods in the
figure represent their resonance wavelengths, which have
narrow bandwidths, and the experimentally measured
image shows the multicolor operation. Although the green
and blue colors have some crosstalk, there are no other
unwanted images compared to the other multicolor meta-
surface holograms. These attempts show the feasibility and
possibility of full‐color meta‐holograms, but reducing noise
from fabrication tolerances or pixel size remains a problem
that must be solved in the future.

3.4 | Multiplexed holograms

To increase the degree of freedom of metasurface holo-
grams, some kinds of metasurfaces have been proposed.
One of the most popular methods for multiplexing is using
polarization states of incident light, that is, the metasurface
reconstructs different holographic images according to the
input polarizations.

The most popular method for polarization multiplexing
is utilizing the anisotropy of meta‐atoms. For example, a
rectangular metallic nanorod has higher scattering effi-
ciency when the polarization of incident light is parallel
than when it is vertical to the longer axis. Using this prop-
erty, one can encode two different holographic images on
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metasurfaces composed of parallel, perpendicular, and
crossed nanorods as shown in Figure 5A [39]. The experi-
mentally measured images show good agreement with the
principal image, where the 45° polarization state induces
both holographic images, but only four‐level phase modula-
tion could be possible in this scheme. Arbabi et al have
suggested a new kind of anisotropic dielectric metasurface

that provides arbitrary phase profiles for two orthogonal
polarizations [40]. The proposed structure consists of sili-
con elliptical posts, where two ellipse diameters and orien-
tation angles determine the two phase profiles of two
orthogonal polarizations. This direct method for implement-
ing polarization‐multiplexed metasurfaces has a clear
advantage in the reconstruction of the desired wavefronts
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modulation by using asymmetric nanorods [39]. (B) Elliptical silicon posts possessing two independent phase information with respect to the
longer and shorter axes, providing two independent holographic images for different linear polarizations [40]. (C, D) Spin‐dependent metasurface
holograms for circularly polarized states, showing different holographic images with respect to the incident handedness. (C) Dielectric nanorods
implementing a super‐pixel switching of the scattering direction according to the handedness of incident light [41]. (D) Alternately arranged
nanorod arrays produce dual holographic images in Fourier domain where they are interchanged with each other according to the incident
handedness. (E) Nonlinear plasmonic metasurface composed of C‐shaped gold antenna, showing spin‐ and wavelength‐dependent holographic
imaging [42]
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without any noise or crosstalk. More recently, this method
has been further developed and advanced, as it generalizes
the phase delay effects of anisotropic meta‐atoms. By
applying more generalization, Mueller et al have shown
that the arbitrary two orthogonal polarizations can be
set as a basis for the multiplexing process [41], which
improves the utility of this multiplexing method for future
development.

Circularly polarized light with two handedness can also
be used for polarization multiplexing. For example, a nan-
odisk array with PB phase gradients can deflect the inci-
dent light to the right or left directions with respect to the
incident handedness [42], and helicity‐dependent metasur-
face holograms can be realized by arranging the super‐pixel
arrays. On the other hand, typical PB phase plasmonic
metasurfaces can also be designed as helicity‐dependent
metasurface holograms, as represented in Figure 5D [43].
If the two different images are at different positions in the
Fourier domain, the reversal of the incident handedness
will switch them according to the center symmetry. This is
due to the sign reversal of the PB phase, and this scheme
can switch the reconstructed images to a specific view-
point. Therefore, the PB phase method for multiplexing
cannot record arbitrarily two different wavefronts, and it
only provides the conjugate differences by the reversal of
the input polarization. That means this method could not
be applied for other cases requiring arbitrary wavefronts.
On the other hand, as the method proposed by Arbabi et al
could provide two arbitrary wavefronts, it can be applied
for any kind of optical function as well as the multiplexing
holographic images. However, PB phase methods have
broad bandwidths, while the elliptical post properly oper-
ates only at a target wavelength.

Other methods for increasing the degree of freedom
have been reported. For example, expansion of the PB
phase method to the nonlinear regime yields an additional
degree of freedom. As the PB phase effect is different in
linear and nonlinear regimes, it can be used to realize sec-
ond harmonic generation and wavelength‐ and spin‐depen-
dent metasurface holograms [44]. As shown in Figure 5E,
the metasurface hologram that is multiplexed according to
the fundamental or second harmonic frequency and also
depends on the spin dependency is implemented. Other
nonlinear metasurfaces that could be promising strategies
to design metasurface holograms in the future have also
been reported.

3.5 | Active meta‐holograms

For practical usage of holographic display to be achieved,
dynamic control of metasurface holograms is vital. Most of
the metasurface holograms are static, and some of them
just have several states. However, the limits of current

fabrication technology make it challenging to materialize a
number of nanoscale electrodes or other local controllers in
a single metasurface. Nevertheless, a few studies on active
metasurface holography have been reported recently.

A gigahertz metasurface composed of electrically
controllable meta‐atoms has been suggested [45]. The pro-
posed structure is adopted in the electrode and changes the
optical response according to the applied current. Although
the metasurface is designed for much longer wavelengths
than those in the optical region, this early attempt to invent
an electrically tunable metasurface is an important example
in this field.

There has been great interest in phase change materials
whose optical response in the visible region can be varied.
One of the most notable materials is Ge2Sb2Te5 (GST),
which has both metallic and dielectric states, and can be
forced to switch from one state to another by electric or
thermal signals. A few studies have been reported on the
use of GST as a metasurface, including as a reconfigurable
GST metasurface [46–48]. For metasurface holography,
Lee et al suggested metasurface holograms based on GST
in the visible spectrum while the optical response of GST
is controlled by the electric signal as represented in Fig-
ure 6B [46]. A multilayered structure composed of GST
and electrodes was designed, and experimental demonstra-
tions for recording and reconstructing GST metasurface
holograms with pixel sizes of 1 μm were successfully
achieved. Furthermore, the feasibility for realizing a meta-
surface with a built‐in electrode was also experimentally
demonstrated, showing the future potential of GST for
metasurface holography.

Furthermore, metasurface holograms can be dynamically
controlled by using chemical reactions. Li et al showed that
metal nanorods and a chemical reaction can be used to
implement a dynamic hologram without big sacrifices in
factors like pixel size and fabrication challenge [49]. The
proposed metasurface consists of nanorods with various
metals like magnesium, gold, and palladium. As each of
the materials has a different chemical sensitivity to oxygen
or helium gas, they can be used to design chemically con-
trollable metasurface holograms that are also reconfig-
urable. This new approach to dynamic metasurface
holograms provides a new possibility in this field.

4 | PERSPECTIVES IN
METASURFACE HOLOGRAPHY

As we discussed in the previous section, the current meta‐
holograms can provide high‐performances with multifunc-
tionality in the passive manner. For ultimate holographic
display, however, dynamic control of the hologram is
essentially required. Hence, we believe that active control
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of the metasurface is one of the most important goals in
this field. Although some studies on active modulation
have been reported in the last few years, as we have dis-
cussed in previous sections, their degrees of freedom have
been limited, and continuous tunability with real time

modulation is currently impossible; yet, it is required if
practical metasurface holographic display are to be devel-
oped. We believe that these issues will be solved in the
future by the development of nanofabrication technology
and metasurface technology.
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FIGURE 6 Active metasurface holograms. (A) Electrically tunable metasurface hologram with binary modulation in gigahertz region [45].
(B) Metasurface holograms based on Ge2Sb2Te5 (GST) in the visible region while the optical response of GST is controlled by the electric
signal [46]. (C) Chemically tunable metasurface holograms composed of various metal nanorods [49]. Oxygen or helium gas induces chemical
changes of the metal nanorods, resulting in switching reconstructed holographic images

TABLE 1 Summary of various metasurface holograms in terms of features, benefits, and remaining challenges

Phase‐only
holograms

Complex‐amplitude
holograms

Multifunctional holograms

Reflection‐type
Transmission‐
type

Multicolored
holograms

Multiplexed
holograms Active holograms

Features Meta‐holograms
with spatial
phase modulation

Meta‐holograms with
both amplitude and
phase modulation

Multicolored
holograms
within a single
metasurface

Switchable
meta‐holograms
with few
degrees of
freedom

Reconfigurable holograms
via several methods
including electric or
chemical method

Benefits High efficiency
with broadband
property

High efficiency
in the visible
spectrum

Perfectly reconstructed
information, leading
to vivid 3D holography

Multicolored
images

Expanded
degrees of
freedom

Dynamic holographic
imaging in real time

Challenges High thermal
loss and low
efficiency in the
visible spectrum

Hard fabrication
of low‐loss
dielectrics

Relatively complicated
mechanism, hindering
scalability for active
devices

Low image
quality due to
crosstalk, Low
efficiency

Limited number
of switchable
images

Modulation time,
modulation level,
fabrication issues
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The use of holographic metasurfaces as optical compo-
nents in current optical devices would be a great way to
take advantages of metasurface holography. For example,
the holographic display requires not only a spatial phase
modulator but also a number of other optical elements such
as lenses, mirrors, beam splitters, and diffusers. It is clear
that metasurface optics can enhance the performance and
compactness of current optical components. Moreover,
other optical devices including microscopes, light field
cameras, and virtual/augmented reality displays also need
advanced optics, like metasurface optics, to improve their
performances. Hence, we believe that the study of the
application of current metasurface holograms in a variety
of applications is as important as the development of meta-
surface holography itself.

In this context, very recent studies on metasurface
optics have reported many promising applications besides
holography. For example, a metasurface lens called a met-
alens has attracted great interest because it has clear advan-
tages such as better performance and compactness
compared to conventional refractive lenses [29–31,50,51].
It is notable that the metalens is very close to the metasur-
face holography while the metalens is a kind of holo-
graphic optical device designed to have a phase profile of
a lens. Many remarkable studies on the application of met-
alens to various devices, such as microscopes [52], com-
pact camera [53], spectrometer [54], endoscope [55],
cryptography [56], and augmented reality displays [57],
have been recently reported. Owing to the promising poten-
tial of metasurface optics, a variety of future applications
that either improve current optical systems or provide a
new kind of optical system will be proposed.

5 | CONCLUSION

In this review, we introduce the physical mechanism and
concept of wavefront engineering metasurfaces. We then
introduce various types of metasurface holograms such as
complex‐amplitude holograms, multicolor holograms,
polarization‐multiplexed holograms, and active holograms,
as summarized in Table 1. Physical analysis and experi-
ments reveal the excellent performance and versatile
functionality of metasurface holography. We also discuss
our perspective on this area. To conclude, the field of
metasurface holography has enjoyed rapid development
and rapid progress. We believe that metasurface hologra-
phy will become more important in the field of hologra-
phy because of its clear advantages when compared to
traditional holography cannot be compromised. Further-
more, all the other photonics related to wavefront engi-
neering will continue to require the development of
metasurface holography, and advances in metasurface

holography will also lead to advances in other kinds of
photonic research. The field of metasurface holography is
still vivid and prosperous, with new concepts and inno-
vations in future applications.
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