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Abstract. Multicolor holography can faithfully record the color, depth, parallax, and other properties of scenes
and have thus found numerous applications, for example, in optical document security, nonvolatile data
storage, and virtual or augmented reality systems. Nanophotonic metasurfaces present multiple degrees
of freedom to manipulate the properties of optical fields at visible wavelengths. These in turn provide
opportunities for metasurface-based multicolor holography. We describe recent developments in multicolor
metasurface holograms. These are categorized based on their color-separating mechanisms rather than
their structural properties, such as whether they are plasmonic or dielectric. We hope this review will
provide readers with new insights and thus help extend applications of metasurface-based multicolor

holography to other fields.
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1 Introduction

Holography is a wavefront reconstruction technology that was
pioneered by Dennis Gabor in the 1940s." In addition to record-
ing amplitude and phase information, it is often required that
a hologram also records the color of an object so that the
reconstruction is as vivid as possible. In principle, color infor-
mation can be reconstructed by a hologram consisting of three
independent interference patterns, i.e., those recorded by red
(R), green (G), and blue (B) laser beams.> However, crosstalk
images will be produced as well, which are generated, for ex-
ample, when the red interference pattern also diffracts green and
blue light. Traditional solutions to this problem include volume
reflection holograms,® rainbow holograms, and white light-
processing holograms.” Volume reflection holograms use an
emulsion layer as the recording medium in which three sets
of highly wavelength-selective fringe patterns are formed.
Rainbow holograms reconstruct the image of a colorful object
and a slit simultaneously. When viewing the reconstructed im-
age from the original position of the slit, three superimposed
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images of the object are seen (corresponding to RGB color
channels). White light-processing holography uses narrowband
spatial filters at appropriate locations in the Fourier plane. The
filtered light then recombines to form a color image at the output
plane. Multicolor holography based on surface plasmons has
also been reported.® In this technique, color information is en-
coded via the use of nanostructures supporting surface plasmon
resonances to control the scattering of each color channel.
Recent years have seen much interest for the use of metasur-
faces for various applications in optics due to the flexibility with
which they can be used to manipulate the wavefront of light.”'
Metasurface-based wavefront control generally falls into the
following categories based on their working principles:'" plas-
monic resonance, propagation phase, Mie resonance, and geo-
metric phase. Plasmonic resonance-type metasurfaces usually
contain subwavelength structures that support localized surface
plasmon modes,” gap surface plasmon modes,”' and so on.”
The phase delay of the scattered light can be controlled by
modifying the geometric parameters of these structures.>™*
Propagation phase-type metasurfaces usually consist of nan-
opillars made from low refractive index materials such as
SiO, or SizN,.*** Each nanopillar can be regarded as a vertical
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waveguide. The propagation phase accumulated by passing
through the waveguide is determined by its diameter.'**** Mie
resonance-type metasurfaces generally have building blocks of
high refractive index that support magnetic/electric dipole or
higher modes.”™ One example is Huygens’ metasurface,°
where the electric and magnetic dipoles superpose to form
near-zero reflection, while at the same time providing 0 — 2z
phase coverage to the transmitted light. Geometric phase-type
metasurfaces have anisotropic nanostructures of the same geom-
etry but varying orientations. When circularly polarized (CP)
light illuminates such a metasurface, part of the transmitted
light has opposite helicity and carries geometric phase due to
spin-orbit interaction.””™ The value of the geometric phase (®)
depends on the orientation angle of the slit () according to
® = +26. Here, the “+” and “—” signs correspond to the inci-
dent light being right-handed and left-handed circularly polar-
ized (RCP and LCP), respectively.

Recently, interest in the use of metasurfaces for holography
has also been growing. Metasurface holograms can be gener-
ally divided into two categories: the phase-only type and the
amplitude modulation type. The former only modulates the
phase of the transmitted/reflected light from the metasurface
but ignores the amplitude fluctuation.***” The latter modulates
the amplitude or complex amplitude (both the phase and
amplitude) of the transmitted/reflected light.** Numerous
experimental results have been reported including miniature
three-dimensional (3D) holography,” nonlinear hologra-
phy,®* vectorial holography,*** and so on. Here, in this re-
view, we focus on metasurface-based multicolor holography,
which enables functionalities that are rather unusual compared
with what can be done with their traditional counterparts. For
instance, traditional holograms are usually polarization insen-
sitive. However, metasurface-based types can generate differ-
ent images when illuminated with light of different polarization
states, which leads to color tunable holograms® and vectorial
multicolor holograms.®* In addition, traditional holograms are
usually unintelligible when viewed under diffuse ambient light,
but those based on metasurfaces can be designed to appear as
a color printed image when viewed under the white light, while
generating a colorful holographic image when illuminated by
R, G, and B laser beams.®>® In this review, we discuss recent
metasurface-based multicolor holograms and explain why
these represent a significant expansion in the scope of color
holograms. One way to categorize these devices would be
in terms of materials and structures, e.g., plasmonic versus di-
electric. Rather than doing so, we instead categorize them via
their operating principles into the following four types. The
first type is described in Sec. 2.1 and comprises metasurface
holograms that do not perform color filtering. Special tech-
niques such as angular/polarization multiplexing methods
are therefore needed to achieve the latter. In the second type,
described in Sec. 2.2, the pixels in the metasurfaces simulta-
neously perform color filtering and phase control. In Sec. 2.3,
we discuss the third type in which metasurfaces and color
filters are monolithically integrated to form color holograms.
Examples in Secs. 2.1-2.3 are mainly based on phase-only
modulation. In Sec. 2.4, we describe the fourth type, in which
color holograms are realized with intensity/complex amplitude
modulation. In this review, we focus on holography at visible
wavelengths due to its importance in display applications. We
note, however, that metasurface holograms have also been
demonstrated in other wavebands.””*
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2 Multicolor Holograms

2.1 Noncolor Filtering Multicolor Holograms

2.1.1 Angular multiplexing method

In this section, we discuss multicolor holograms realized by an
angular multiplexing method. Li et al. demonstrated this ap-
proach with geometric metasurfaces consisting of nanoslits in
gold films™ [Fig. 1(a)]. The design process can be summarized
as follows. The multicolor target image is first decomposed into
R, G, and B components,” which are to be reconstructed by the
R, G, and B laser beams, respectively. The red component is
displaced from the original position (xg, yg) to the new position
(x1,y1)- In other words, when the hologram is illuminated by
the normally incident laser beam, the reconstructed red image
will be located at (x;,y;). However, by adjusting the incident
angle, the reconstructed image can be made to be at (xy, yo). The
crosstalk images generated by the red laser beam will thus occur
at other locations and will be excluded from the observation
zone near (xy,yo). Similar processes are carried out for green
and blue beams. This results in the observation zone near
(x0,yo) containing the correct R, G, and B components, with
the crosstalk images occurring at other locations (i.e., not in
the observation zone). A phase-only hologram corresponding
to this target image is then calculated by the Gerchberg—
Saxton (GS) algorithm.” Each sampled phase pixel is then
substituted by a nanoslit with a certain orientation angle. When
the metasurface is illuminated by R, G, and B laser beams at
the designed incident angles, a multicolor holographic image is
reconstructed. To further verify the feasibility of this approach,
Li et al. experimentally reconstructed an image with seven
colors. The method can also be used for 3D holography,” where
a 3D target image is decomposed into a series of points. The
superposition of the complex amplitudes of the light emitted
from these points comprises a multicolor hologram that gener-
ates the 3D image in the Fresnel range. Zhang et al. combined
angular multiplexing with polarization-dependent geometric
phase to produce two independent multicolor holographic im-
ages, one for transmitted light while the other for reflected
light.”* Wan et al. demonstrated multicolor holograms with alu-
minum geometric metasurfaces [Fig. 1(b)] with two amplitude
levels and eight phase levels of modulation.”" Amplitude modu-
lation is implemented by pixels that include or omit the nanoslit.
Phase is modulated in eight levels (0, /4, z/2, 3n /4, n, 57 /4,
3z/2, Tx/4) via (eight different) orientation angles for the
nanoslits.

Nanoslit-based multicolor holograms are polarization sensi-
tive. Li et al. showed that, by contrast, a polarization insensitive
multicolor hologram can be realized with reduced graphene-
oxide (rGO), obtained via the athermal photoreduction of gra-
phene-oxide using a femtosecond laser.”” The refractive index
of the rGO is related to the intensity of the incident light spot
[Fig. 1(c)] and is spectrally flat in the visible region. It is, there-
fore, ideal for multicolor image generation through angular
multiplexing. More colors (i.e., beyond R, G, and B), such as
yellow and white, can be achieved by adjusting the powers of
the R, G, and B laser beams [Fig. 1(d)].

2.1.2 Polarization multiplexing method

As discussed above, angular multiplexing is one way to imple-
ment independent R, G, and B channels. Another way of achiev-
ing this is via the polarization states of the input/output light.
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Fig. 1 Multicolor holograms that employ angular multiplexing. (a) Multicolor images generated by
off-axis illumination of the metasurface hologram. The metasurface consists of nanoslits in a gold
film. (b) Multicolor hologram that consists of nanoslits in an aluminum film. (c) Schematic of phase
modulation by athermal photoreduction using a single fs pulse. A pulse passes through a parallel
digitalization objective and generates a focal spot array with different intensities, which in turn
leads to refractive-index modulation of the rGO composite. (d) Multicolor image generated by
illuminating the metasurface with R, G, and B beams at different angles. The figures are repro-
duced with permission from (a) Ref. 70, (b) Ref. 71, (c), (d) Ref. 72.

This approach requires the metasurface to comprise a spatially
varying arrangement of polarization-modulation elements. Hu
et al. demonstrated a metasurface consisting of TiO, rectangular
nanopillars with different shapes and orientations on an SiO,
substrate.* Each nanopillar can be regarded as a linearly bire-
fringent wave plate with a certain orientation angle. The length,
width, and orientation angle of the nanopillars vary with posi-
tion on the metasurface. The design process of the hologram is
as follows [Fig. 2(a)]. A multicolor target image is decomposed
into R, G, and B components. The sizes of these target image
components are scaled to account for the inherent wavelength-
dependence of the hologram. In other words, the red component
will be made smaller than the green component, while the blue
component will be made larger, so that the R, G, and B parts of
the reconstructed image are of the same size. The hologram is
designed with the GS algorithm, with the Fourier transform as
the propagation function. Therefore, if the field of view (FOV) is
large, there will be distortion since the design principle makes
the paraxial approximation. In other words, a large FOV will
make the paraxial approximation imprecise. This distortion
can be prevented by appropriate design. After that, the phase
profiles of the three components are retrieved and encoded into
the three independent polarization channels of the metasurface.
One may thus regard the metasurface as storing three types of
information in an independent fashion, accessible by different

combinations of input/output polarization states [Fig. 2(a)].
Here, when the input/output are x-/x- polarized, only the red
component of the holographic image is reconstructed. Similarly,
the green and blue components correspond to the x-/y- and
y-/y- combinations, respectively. These images in the three
channels are selected and combined through the optical setup
to form a color holographic vectorial image.

Instead of controlling the input/output polarization combina-
tion, Jin et al. showed a polarization multiplexing method in
which only the polarization of the incident light needs to be
changed.” The combination of the three color channels (R/G/B)
and the two different helicities results in six channels (red LCP,
red RCP, green LCP, green RCP, blue LCP, and blue RCP). The
presence or absence of a channel in the incident light denotes
the bit being “1” or “0,” respectively. The incident light can
thus be thought of as representing the combinations “010000,”
“001000,” etc. [Fig. 2(b)]. The metasurface is designed as fol-
lows. A hologram consisting of an array of silicon nanobricks is
first devised for the red LCP, green LCP, and blue LCP channels,
with the goal of producing three independent images at the
chosen observation plane (within the Fresnel diffraction region).
A second hologram, this time for red RCP, green RCP, and blue
RCP channels, is then generated, with the goal to produce
another set of independent images at the same observation
plane. The two holograms are then combined to form a single
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Fig. 2 Multicolor holograms by the polarization multiplexing method. (a) Design process for the
vectorial color holographic metasurface. (b) Schematic of 6-bit metasurface. Holographic images
that result from the state (color and polarization) of the incident light as denoted by codes 010000,
001000, 000100, 000110, 000101, 000011, 111000, and 001110 are shown in the right panel of
the image. Figures reproduced with permission from (a) Ref. 64 and (b) Ref. 75.

metasurface. As a result, it is possible to reconstruct 63
(= 2% — 1) spin- and wavelength-dependent holographic images
by controlling the 6 bits corresponding to the RGB-polarization
states of the incident light. It is interesting to notice that,
although there are six available channels of incident light, a
colorful holographic image can be reconstructed when two or
more channels of different colors are used (such as, red LCP
and green LCP).”*"

2.2 Multicolor Holograms with Simultaneous Color
Filtering and Phase Control Functionalities

2.2.1 Narrow-band CP converters

Although the multiplexing method enables multicolor image
generation, a more straightforward and general method involves
structures that serve as both nanofilters for color and as phase
controlling elements. Wang et al., for example, used three types
of silicon nanoblock structures (Sg, Sg, Sg),”* with each serving
as a narrowband half-waveplate [Figs. 3(a) and 3(b)]. Consider
the Sy structures illuminated by broadband CP light of a certain
helicity (e.g., LCP). In the spectrum of the transmitted light with
opposite helicity (e.g., RCP), a peak appears at around 633 nm.
Similarly, the peaks of the cross-polarization spectra for Sg and
Sy are around 532 and 473 nm, respectively. Due to the fact that
these peaks in the cross-polarization spectra are narrow, when a
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metasurface comprising these nanoblocks is illuminated by a CP
laser beam at one of the design wavelengths (e.g., R), scattering
of the cross-polarized light from the nanoblocks of the corre-
sponding type (Sg for this example) is far stronger than from
the other types (Sg and Sy in this example). The authors note
that the efficiency for the Sy blocks is lower than that of S and
Sg- The authors thus have the supercell contain two blue blocks,
while just one red block and one green block to balance the
total scattering at each wavelength. Each supercell simultane-
ously provides the desired phases at the three wavelengths.
A schematic diagram of multicolor image generation by the
metasurface is shown in Fig. 3(c). Laser beams illuminate
the metasurface from the substrate side, and the image is ob-
served on the transmission side. Zhao et al. demonstrated that
the silicon nanoblocks can also be designed to work in the re-
flection mode to provide narrow resonance peaks.” As shown in
Fig. 3(d), in this configuration, the reflected color holographic
image is collected using a beam splitter. Via similar principles,
the concepts used for multicolor hologram can be extended to
allow color-tunable holograms.” In the work of Wang et al.
[Fig. 3(e)], a holographic image whose color can be tuned
by polarization state is demonstrated. The image consists of
a chameleon on a tree branch. The hologram consists of silicon
nanoblocks with resonances at red and green wavelengths. The
nanoblocks designed for the green generate the tree branch in

Mar/Apr 2021 e Vol. 3(2)
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Fig. 3 Narrow band CP converters-based multicolor holograms. (a) Solid curves: simulated
diffraction efficiency of three nanoblock types, denoted by Sg, Sg, and Sg. The circle, square, and
rectangle represent the simulated efficiency when the Sg, Sg, and Sg are merged into the same
pixel as shown in (b). (¢) Schematic of multicolor image reconstruction. (d) Multicolor hologram in
reflection mode. The metasurface consists of three types of silicon nanoblocks that work as narrow
band CP converters. (e) Schematic of the polarization-controlled multicolor hologram. The figures
are reproduced with permission from (a)-(c) Ref. 78, (d) Ref. 79, and (e) Ref. 63.

the holographic image, regardless of incident polarization
state. This is realized by designing the hologram to produce
the same phase shifts (and thus the same holographic image
of the tree branch) for RCP and LCP incident light. The nano-
blocks designed for the green also generate a holographic im-
age of a chameleon when illuminated by an LCP green laser
beam (4 = 532 nm). The nanoblocks designed for the red gen-
erate a chameleon image only when illuminated by an RCP red
laser beam (1 = 632.8 nm). When the incident light (i.e., red
and green lasers) is varied from RCP to linear to LCP, the color
of the chameleon thus changes gradually from red to yellow to
green, while the tree branch remains green.

The multicolor holograms we have described thus far pro-
duce holographic images when illuminated by R, G, and B laser
beams. However, the hologram itself can be designed so that it
functions as a color printed image when viewed with bright-field
illumination. As shown in Fig. 4(a), Zhang et al. showed that
shallow plasmonic gratings made from silver can be used for
this purpose.* The grating structure can excite propagating sur-
face plasmons and localized surface plasmons simultaneously,
with the former dominating.* When the incident CP light is
away from the resonance, the vast majority of the reflected
light from the grating will have helicity opposite to that of
the incident light. In this case, the grating functions as a normal
mirror. However, when illuminated on resonance, the reflected
components parallel and perpendicular to the grating lines have
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a z phase difference. Therefore, most of the reflected light from
the grating will have the same helicity as the incident CP light
and carries the geometric phase. The resonance is narrow and
is determined by the period, width, and depth of the gratings,
thereby providing a means for color selection. The gratings
can furthermore be patterned to produce a color printed image.
In other words, the metasurface exhibits vivid color under illu-
mination by CP white light and with optics used to detect only
the reflected light with the same helicity [Fig. 4(b)]. The gra-
tings are oriented such that the metasurface also functions as
a hologram. When illuminated with R, G, and B laser beams,
a colorful holographic image is produced [Fig. 4(c)]. Wei et al.
devised a metasurface consisting of amorphous silicon nano-
blocks and nanoblock dimers [Fig. 4(d)]. These show transmis-
sion peaks in the green and red regions of the cross-polarization
spectrum.®’ The nanoblocks and nanoblock dimers are arranged
to form a metasurface hologram that also functions as a color
printed image [map of the world, Fig. 4(e)] when illuminated
with white light. The holographic image is that of a plant
[red flower and green leaves, Fig. 4(f)] and produced under il-
lumination by red and green laser beams. Similarly, Yoon et al.
showed a crypto-display® that consists of two sets of dimers,
which have different reflectance spectra in the visible range,
but the same cross-polarization conversion efficiency at a certain
design wavelength (635 nm). A multicolor image of a red “z”
symbol on a green background is observed under white light

Mar/Apr 2021 e Vol. 3(2)
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low plasmonic grating. (b) Printed image observed with the white light microscope. This chip would
be used with a “decryption device” that ensures that the incident light and the detected light
are both CP with the same helicity. (c) Holographic image generated when the chip is illuminated
by R, G, and B laser beams. (d) Schematics of a nanoblock (right) and a nanoblock dimer (left),
which make up the metasurface. (e) Optical microscope image of the hologram when viewed
under white light illumination. (f) Two-color (R & G) holographic image. (g) Unit cell of the metasur-
face hologram, containing two crystalline silicon nanoblocks. (h) Color printed image (left) and
reconstructed holographic image (right). The figures are reproduced with permission from:

(a)-(c) Ref. 80; (d)(f) Ref. 81; (g), (h) Ref. 82.

illumination, and a monochromatic holographic image contain-
ing the value of “z” is reconstructed for illumination by a laser
with a wavelength of 635 nm.

The favorable attributes of amorphous silicon as a material
with which to realize nanoblock-based metasurfaces [Fig. 4(d)]
include its high refractive index and the fact that it can be readily
deposited by standard microfabrication processes. On the other
hand, crystalline silicon presents the opportunity for a higher
conversion efficiency at visible wavelengths, as the imaginary
component of its complex refractive index is smaller. Figure 4(g)
shows the unit cell of the metasurface of Bao et al. that com-
prises two crystalline silicon nanoblocks.** The dimensions of
the nanoblocks determine the position of the peaks seen in the
cross-polarized transmission spectra. For example, for blocks

Advanced Photonics

024001-6
Downloaded From: https://www.spiedigitallibrary.org/journals/Advanced-Photonics on 13 Oct 2021
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

with a pixel size p = 400 nm, width w = 40 nm, and height
h = 600 nm, spectral peaks in the cross-polarization transmis-
sion spectra occur at B, G, and R wavelengths for block lengths /
of 80, 110, and 160 nm, respectively. The rotation angles of
the two nanoblocks are ¢; and ¢,, respectively [Fig. 4(g)].
When illuminated by LCP light, the RCP transmitted light
from the two blocks can be summed up as E, « e?#1 + 292 =
2 cos 6¢'?71+9) where 8 = ¢, — ¢,. Therefore, the intensity
and phase of the transmitted RCP light can be controlled by the
rotation angles of the two nanoblocks. As a printed color image,
the metasurface covers not only the primary R, G, and B colors
but also achieves arbitrary hue-saturation brightness [Fig. 4(h)].
As the metasurface achieves independent control over intensity
and phase, it can also generate a full-color holographic image.

Mar/Apr 2021 e Vol. 3(2)
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2.2.2 Dispersion phase-based metasurface

In Sec. 2.2.1, color filtering is achieved via geometric metasur-
faces that achieve well-separated peaks in their cross-polariza-
tion transmission or reflection spectra, i.e., when converting the
incident CP light to CP light of opposite helicity for transmis-
sion-type devices and to CP light of the same helicity for reflec-
tion-type devices. We next discuss another metasurface type
that can also function as both a color printed image and a multi-
color hologram, namely the dispersion phase metasurface.
In Fig. 5(a), we show the work of Huang et al., who develop
a metasurface consisting of an Al-nanorod/SiO,/Al-mirror
configuration.”® This structure has resonances that span the
visible wavelength range as the rod length is varied from 50
to 150 nm. Figure 5(b) shows simulations of the reflectance
and of the phase of reflected light versus nanorod length for il-
lumination at three wavelengths that represent B, G, and R, i.e.,
405, 532, and 658 nm. This configuration allows two-level
phase modulation to be achieved by proper selection of nanorod
length. This can be understood as follows. For blue light (i.e., at
405 nm), two nanorods with L =55 nm and L = 70 nm pro-
vide equal reflectance and a phase difference of z, which is ideal
for a two-level phase-only hologram. It can be seen that the
phase difference between such nanorods is minor for green

Reflectance

(532 nm) and red (658 nm), meaning that there will be little
crosstalk from the blue channel to the green and red channels.
Similarly, the nanorods with L =84 nm and L = 104 nm
are suitable for the green channel, while L = 113 nm and
L = 128 nm are suitable for the red channel. These nanorods
are interleaved to form supercells that contain two red subcells,
one green subcell, and one blue subcell. These supercells con-
stitute a multiwavelength hologram, with the reconstructed im-
age shown in Fig. 5(c). It should be noted that a red letter “G”
appears near red “R,” which the authors attribute to being the
result of resonance overlap of the green subpixels (into the
red channel).

In the example mentioned above, color holographic images
are generated using structures with different dimensions that
provide the phase delays needed for the R/G/B channels.
These structures are interleaved to produce the hologram device.
On the other hand, it is possible for a single nanostructure
geometry to provide the desired phase delay for the R/G/B chan-
nels. Shi et al. demonstrated this via a metasurface based on
TiO, nanopillars on silver, with a thin SiO, spacer [Fig. 5(d)].*
The device operates in reflection mode, which means that the
propagation distance per pillar is effectively doubled in com-
parison with what would occur if it were instead operating in
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Fig. 5 Dispersion phase-based multicolor holograms. (a) Simulated reflectance spectra, with the
nanorod length varied. (b) Simulated reflectance and phase at 1 = 405, 532, and 658 nm. Blue
circles, green triangles, and red squares indicate the nanorod lengths used for the blue, green, and
red channels, respectively. (c) Experimentally obtained color holographic image. (d) Unit cell of the
multicolor hologram. (e) Calculated phases at wavelengths of 460, 540, and 700 nm. The color
used for the data points represents the nanopillar width, as indicated by the colorbar. The star
symbol (labeled “A”) represents an example of a target phase point, while the red dot (labeled
“B”) represents the nanopillar that is closest to this target. (f) Simulated color holographic image
produced by the metasurface. The figures are reproduced with permission from: (a)—(c) Ref. 85,

(d)—(f) Ref. 86.
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transmission mode. This means that the device thickness can be
minimized, which is desirable from a manufacturing standpoint.
As the width of the nanopillar is varied, the phases of the re-
flected light at the three different wavelengths also change
[Fig. 5(e)]. It can be seen that the points (resulting from varying
the nanopillar width) span a large region of the phase space.
To understand the process that would be used for metasurface
design, consider the case that the target phases are those
represented by the star symbol denoted “A” in Fig. 5(e).
It be seen that the point that is denoted “B” is quite close to
“A.” In other words, because the data set that results from vary-
ing the nanopillar width covers a large region of the phase space,
any phase target can be achieved with only a small error. The
authors used 460, 540, and 700 nm as examples [Fig. 4(e)],
and they fabricated a lens with the same focal distance at the
three wavelengths. With the same principle, a multicolor holo-
gram working at 480, 530, and 630 nm is also proposed

[Fig. 5(D].

2.2.3 Detour phase-based metasurface

We next describe another metasurface that acts as both a color
printed image and as a hologram, this time based on Mie
resonances. It has been experimentally demonstrated that TiO,
nanoparticles can support resonances at visible wavelengths.*”
The resonance position (wavelength) is determined by the geo-
metric parameters and the packing density of the nanoparticles.
TiO, nanoparticles can thus be designed to scatter strongly at
wavelengths corresponding to R, G, and B. One can thus realize

a color printed image by including TiO, nanoparticles of the
appropriate geometric parameters and packing density so that
each part of the metasurface achieves the desired color. The
metasurface can furthermore simultaneously function as a holo-
gram via the detour phase concept,” i.e., with the TiO, nano-
particle arrays [Figs. 6(a) and 6(b)] being displaced in each pixel
to achieve the desired phase.®® Optical microscope images of
a fabricated metasurface are shown in Figs. 6(c) and 6(d) and
demonstrate the color printed image functionality. The multi-
color holographic image produced by illumination of the meta-
surface with R, G, and B laser beams is shown in Fig. 6(e). To
further demonstrate the flexibility of this technique, Wen et al.
showed that two different target holography images [Figs. 6(e)
and 6(f)] can be encoded into color printed images with very
similar appearances. This approach is different from previously
demonstrated color printed images or holograms and presents
opportunities for optical document security and data storage
applications.

2.3 Monolithically Integrated Metasurfaces

In this section, we discuss a monolithic integration approach to
metasurfaces in which they consist of two layers of nanostruc-
tures. One layer functions as a phase-only hologram while the
other serves as a color filter. Although the hologram works for a
broad range of wavelengths, the narrow transmission peaks of
the color filter will eliminate the crosstalk images. Lim et al.
demonstrate the fabrication of nanopillar-type color filters on
thin layers referred to as “phase plates” [Fig. 7(a)] via a single
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Fig. 6 Detour phase-based metasurface consisting of color holograms encoded into color printed
images. (a) Schematic of a TiO, nanocone array that comprises the metasurface. Each cone has
height h, period p, top radius r, and taper angle g. (b) lllustration of the detour phase concept. Each
supercell has width Ax and length Ay. 5x is the distance of the cone array from the supercell
center. The detour phase of each pixel is controlled by éx. (c), (d) Optical image of the metasurface
captured by the polarization microscope. The outer diameter of the pattern in (c) is 1.5 mm. The
scalebar in (d) represents 50 um. (e) Reconstructed holographic image with sample A, whose
optical image is shown in (c). (f) Reconstructed holographic image with sample B, whose optical
image is similar to (c). Color bars in (e) and (f) both represent 5 cm. The figures are reproduced

with permission from (a)—(f) Ref. 66.
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Fig. 7 Monolithically integrated metasurfaces that consist of a color filter layer and a phase-
only hologram layer. (a) Schematic of the pixel that functions as both a color filter (via nanopillars)
and as a phase plate (via thin film under the pillars). (b) Transmission optical micrograph of
a color printed image. It contains six colors: red, green, blue, orange, yellow, and purple.
(c)-(e) Holographic images produced by illumination with R, G, and B laser beams.
(f) Schematic of a metasurface unit cell. The Ag-HSQ-Ag cavity serves as a transmission-type
color filter. PMMA nanoholes control the phase of transmitted light. The PMMA layer is separated
from the color filter by an HSQ layer. (g) Simulated and experimentally measured transmission
spectra of R, G, and B color filters. These are optimized for operation at 450, 532, and 633 nm. The
solid/dashed darker blue curves represent experimental/theoretical transmission spectra when
the Ag layers (both top and bottom Ag layers in MIM filter) are 26 nm and the total filter height
is 93 nm. The thickness of the Ag layer and the height of the structure are listed for the other
cases: 26 nm/126 nm (darker green curves), 26 nm/161 nm (darker red curves), 31 nm/95 nm
(lighter blue curves), 31 nm/128 nm (lighter green curves), and 31 nm/164 nm (lighter red curves).
(h) Color holographic image produced by illumination of metasurface with R, G and B laser
beams. The image is of James Clerk Maxwell, with the different colors achieved via mixtures
of R, G, B components. The figures are reproduced with permission from: (a)-(e) Ref. 65,
(f)—(h) Ref. 93.
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lithographic process by 3D direct laser writing on glass
substrates.”” The height, diameter, and pitch of the nanopillars
are chosen so that it only transmits certain wavelengths. The
thickness of the phase plate determines the phase of the trans-
mitted light. As the phase plate and the glass substrate have
different refractive indices, varying the phase plate thickness
modifies the transmittance (in addition to modifying the phase).
To minimize this effect, the minimum thickness of the phase
plate is chosen to be 0.6 ym (rather than zero thickness).
Lim et al. demonstrated that nanopillars allow many colors
to be generated in the color printed image [Fig. 7(b)]. The holo-
graphic image is still a three-color multiplexed RGB type
[Figs. 7(c)-7(e)].

In this section, we consider metasurfaces in which the phase-
only hologram and the color filter are two separate devices.
There are thus a variety of structures, in addition to the nano-
pillars discussed above, that can be used to realize the color fil-
ters. It is well known that Fabry—Pérot cavities can be used as
narrowband filters.”* Hu et al. demonstrated that micrometal/in-
sulator/metal (MIM) Fabry—Pérot cavity resonators with varied
dielectric thickness can provide a high efficiency and narrow
bandwidth in the visible range, which is beneficial for sup-
pressing crosstalk in multicolor holograms.” Figure 7(f) sche-
matically illustrates the unit cell of this metasurface, which
functions as both a color printed image and a multicolor
hologram.” An Ag-hydrogen silsesquioxane (HSQ)-Ag cavity
is formed on a quartz substrate. The bottom Ag layer acts as a
semireflective film, which enables the device to work in trans-
mission mode, i.e., the light shines from the quartz substrate
side, then passes through the MIM cavity and the hologram se-
quentially. The transmittance of the color filter is related to the
thickness of the Ag layer, and the position of the resonance peak
is controlled by the thickness of the HSQ [Fig. 7(g)]. One can
thus achieve the desired color via grayscale lithography. A color
printed image containing Einstein’s mass-energy equation im-
age is achieved by arranging these color filters. This image is
shown in the original paper” and not provided here due to space
constraints. A PMMA layer on top of the device is used to con-
trol the phase of the transmitted light and thus enable the holo-
gram functionality. This phase control is achieved by varying
the width of the (square) nanoholes, which determines the ef-
fective refractive index of this layer. Holographic images with
yellow, purple, and cyan colors can be obtained by mixing the
R, G, and B channels [Fig. 7(h)].

2.4 Binary/Complex Amplitude Modulation

As reviewed in Secs. 2.1-2.4, at the time of writing, the multi-
color metasurface holograms that have been demonstrated have
usually employed phase-only modulation. Holographic multi-
color images, however, can be implemented via amplitude
modulation. Montelongo et al. demonstrated this approach via
a metasurface that contains two types of silver nanoparticles
[Fig. 8(a)].”® The nanoparticles with circular shapes (diameter:
60 nm) have a localized surface plasmon resonance in the blue
region. The elliptical nanoparticles (width: 60 nm, length:
165 nm) have two resonances when excited by illumination po-
larized along the axes of the ellipses. The scattering peaks at
short and long wavelengths correspond to the localized surface
plasmon resonances at the top of the particle and at the Ag/
substrate interface, respectively.” The metasurface produces
one holographic image (A) when illuminated by blue light and
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another holographic image (B) for red light. The operating prin-
ciple is as follows. Image “A” is produced for blue light via an
amplitude modulation hologram implemented by the presence
or absence of the circular particles. Similarly, image “B” is en-
coded by the elliptical nanoparticles, again via amplitude modu-
lation. We would like this image to be produced in response to
red light only. To achieve this, the authors place a pair of nano-
spheres at each location in hologram B for which a nanorod is
missing. This modifies the diffraction pattern that occurs with
blue light as there are blue light scatterers in each pixel of holo-
gram B. The red diffraction remains unchanged because it still
has amplitude modulation. As a result, hologram B will scatter
the red laser beam and form an image with little blue crosstalk.
The two holograms are interleaved and reconstruct a two-color
image [Fig. 8(b)].

The multicolor metasurface holograms discussed thus far
produce holographic images when illuminated by R, G, and
B laser beams in free space. The use of waveguide, rather than
free space, excitation presents the opportunity to make the sys-
tem even more compact and more robust to misalignment.
Huang et al. demonstrated this approach via a waveguide that
comprises a layer of the electron beam lithography resist ZEP
[Fig. 8(c), 300 nm thick].”” With the grating periods and incident
angles chosen appropriately, R, G, and B laser beams from free
space are coupled into the waveguide. As the waveguide is pla-
nar-type (e.g., rather than a strip- or ridge-type), the guided light
spreads as it propagates. As the light encounters the binary am-
plitude metasurface, it is coupled back into free space, produc-
ing a multicolor holographic image [Fig. 8(d)]. Deng et al.
demonstrated another metasurface approach that combines
geometric phase and detour phase in a diatomic design, as
shown in Fig. 8(e).” The authors use an MIM type metasurface
that consists of an Al layer (130 nm thick) on an Si substrate, an
Si0O, spacer layer (100 nm thick), and an array of Al nanorod
(30 nm thick). Each unit cell has a width of p, and contains two
ellipses. We denote the positions of the latter by p; and p,. The
orientations are denoted by w; and w,. The incident angle
(60 deg) and polarization (y-) of the incident beam are chosen
to make most of the reflected energy be in the first order. When
the sample is illuminated by y-polarized light at an incident an-
gle of 60 deg, the reflected light in the first order becomes
Eqy = iCe™P+/Po sin yr_(cos w, siny,)". We have p, =
p1+ py and w4 =y £y,. As a result, the metasurface can
simultaneously and independently modulate the phase, polari-
zation, and amplitude of the reflected beam if the four degrees
of freedom (py, p, w1, y,) are fully employed. The expressions
for the phase/amplitude/polarization terms are derived from the
expression for E,, and labeled in Fig. 8(e). To design the multi-
color hologram, the target image is first decomposed into R, G,
and B components. The standard Fresnel diffraction formulas
are then used to calculate the complex amplitudes of the R,
G, and B holograms. However, the reconstructed R, G, and
B images will be at different diffraction angles, i.e., there will
be angular dispersion (like a grating that separates different
wavelengths). Therefore, these holograms are added with phase
shift factors of Agg, Agpg, and Agg, respectively, to compensate
the angular dispersion to ensure that the R, G, and B images are
reconstructed at the same area. The complex amplitudes of the
R, G, and B holograms are summed up to form a new hologram.
For y-polarized illumination of the metasurface at an incident
angle of 60 deg, a multicolor image is reconstructed [Fig. 8(f)].
Benefiting from the flexible polarization control ability, two sets
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Fig. 8 Multicolor holograms realized with binary/complex amplitude modulation. (a) Design pro-
cess for a multicolor hologram consisting of circularly and elliptically shaped silver particles.
(b) Two-color holographic image produced by illumination of a metasurface with red and blue laser
beams. (c) Schematic of a metasurface waveguide system. R, G, and B laser beams are coupled
into a waveguide by a grating coupler. (d) Holographic image produced by a metasurface wave-
guide system. R, G, and B light in waveguides is coupled out into free space by the grating-based
metasurface to form the holographic image. (e) Unit cell of the device termed a “multifreedom
metasurface” by Deng et al.* Amplitude, phase, and polarization of the reflected light can be
controlled by the parameters p4, ps, w1, and y,. (f) Simulated (left) and experimentally obtained
(right) holographic images. The figures are reproduced with permission from (a), (b) Ref. 96,

(©), (d) Ref. 97, (e), (f) Ref. 95.

of metamolecules that correspond to different input/output
polarization states are interleaved to form a new hologram
(the odd and even metamolecule rows in the hologram corre-
spond to different input/output polarization states). The first
type metamolecules reconstruct a color image A when the inci-
dent/output light is x/x or y/y polarized, and the second type
metamolecules reconstruct image B when the incident/output
light is x/y or y/x polarized.

3 Conclusion

In this paper, we have reviewed recent developments in metasur-
face-based multicolor holograms. Let us conclude by first reit-
erating our summary of the status of the field at the time of
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writing and then by discussing future prospects. As discussed,
one may classify metasurface-based multicolor holograms into
four categories. The first are those that do not perform color
filtering, with angular multiplexing used to generate the desired
image at the design location. Alternatively, polarization multi-
plexing can be used to link RGB color information with differ-
ent input/output polarization states. In the second category, the
nanostructures of the metasurface are used to simultaneously
perform color filtering and phase control. In the third category,
monolithically integrated metasurfaces are realized in which
one layer comprises the phase-only hologram and another
layer comprises color filters. The fourth category that we con-
sider is intensity/complex amplitude holograms that generate
multicolor images. We imagine that it has been evident to
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the reader that, at the time of writing, the key issue is how to
eliminate crosstalk between different colors. While impressive
demonstrations have been made of metasurface color holo-
grams, we contend that there is still much to be done. Currently,
multicolor holographic images generated by metasurfaces are
generally static. One might expect that the ability to dynamically
reconfigure these holographic images would open the door to
numerous applications. Shallow plasmonic gratings,* or dielec-

tric nanoparticles supporting Mie resonance,”'® can be used to 11.
generate spectral peaks (in reflection) that shift as the refractive
index of the surrounding medium is modified. The scattering 12.
properties of nanostructures can also be modified by lasers with
short pulses (e.g., picoseconds),'”' by field effects,'” by heat,'” 13
or by mechanical forces.'™ :
Recently, a nonlinear transition metal dichalcogenide holo- 14.
gram, using a patterned tungsten disulfide (WS,) monolayer,
has been experimentally demonstrated.'” The generated second
harmonic (from NIR to visible) can change its color with the 15.
pump light.'® We anticipate that investigation of these and other
mechanisms for reconfigurable color holograms will be good
avenues for future research. At the time of writing, display tech- 16.
nologies represent a ubiquitous component of personal elec-
tronic devices, such as smartphones, tablets, and laptops. 17.
One can imagine that users might welcome the incorporation
of projectors into such devices as these would allow large im-
ages to be viewed (e.g., on a wall) despite the device itself being 18.
small. A multicolor metasurface that can be dynamically recon-
figured in some respects represents the ultimate in projector 19.
miniaturization, especially if the light sources are integrated
(e.g., via waveguides or by light-emitting pixels). Even more
" . 20.
exciting would be a multicolor metasurface hologram that pro-
duces 3D images that can be dynamically reconfigured. While 21.
we have some way to go to achieve this goal, its realization
could enable a real leap in human—computer interactions.
It is also reasonable to expect that there would be numerous
applications for the intermediate advances and discoveries that 22.
would occur along the way. With its interesting blend of Fourier
optics, nano-optics, and materials science, and the prospect of 23.
real-world technological applications, we expect that the field of
metasurface-based multicolor holograms will be a fertile ground 24
for some years to come. '
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