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Abstract

Over the last twenty years, progress on metamaterials (MMs), defined as three-
dimensional artificial composites, has sprouted unprecedented phenomena through
the manipulation of electromagnetic, acoustic and other waves, making the connec-
tion from structure to function. By virtue of their spatial and spectral control of
wave-matter interactions, MMs have emerged as a powerful building block for prac-
tical applications, including imaging, sensing, energy harvesting, beam shaping and
steering, and many more. In recent years, the metasurface, as an alternative to vol-
umetric metamaterials, with its reduced 2D profile, has gained increased attention
for applications where weight, power and cost are of importance. In this disserta-
tion, I will mainly explore two optical applications where the flexibility in design of
a metasurface provides unique capabilities. In one application, waveguide hologra-
phy, a multifunctional metasurface is used to couple light from a waveguide to free
space, forming multicolor or multipolarization holograms. In the second application,
a metasurface is used to enhance optical bistability.

First, in this dissertation I will present an investigation of a multicolor computer-
generated hologram (CGH) in an all-dielectric metamaterial waveguide system. Light
beams from three different color laser sources (red, green and blue) are coupled into
the waveguide via a single period grating without any beam-splitters or prisms. A
multicolor holographic image can be decoupled in the far field through a binary CGH

without any lenses. This technology enables lens-free, ultra-miniature augmented
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and virtual reality displays. Then, I will continue to illustrate polarization-selective
waveguide holography at optical frequencies based on a similar metamaterial mul-
tilayer system. I will show that two orthogonally polarized, spatially separated or
overlapped holographic images can be incorporated into a single binary CGH, and
use these two images to produce composite, stereo vision, 3D effect images observable
using linear or circularly polarized lens glasses. Both polarizations are also used to
construct radially and azimuthally polarized beams. The fundamental mode and the
second mode of TM and TE modes in the waveguide are used to guide the two polar-
ization states. We envision that incorporating polarization selection into waveguide
holograms may be used to realize chip-scale displays and beams for optical trapping.

Furthermore, I will introduce another example of the principle from structure to
function, optical bistablity, in a film-coupled metasurface system, which is a promis-
ing platform for low-energy and all-optical switches. The large field enhancements
that can be achieved in the dielectric spacer region between a nanopatch optical an-
tenna and a metallic substrate can substantially enhance optical nonlinear processes.
Utilizing a dielectric material that exhibits an optical Kerr effect as the spacer layer,
we propose a new simulation method to vividly show the optical bistability processes.
We expect this new method to be highly accurate compared with other numerical
approaches, such as those based on graphical post-processing techniques, since it self-
consistently solves for both the spatial field distribution and the intensity-dependent
refractive index distribution of the spacer layer. This method offers an alternative
approach to finite-difference time-domain (FDTD) modelling. One of the bistability
metasurface designs exhibits exceptionally low switching intensities, corresponding
to switching energies on the order of tens of attojoules. We propose our method as

an effective tool for designing all-optical switches and modulators.
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1

Introduction

1.1 Motivation

Since the year of 2000 when Dr. David R. Smith and his colleagues demonstrated
the rst left-handed material in microwave frequencies, metamaterials (MMs), arti-
cially engineered materials, have attracted signi cant interest due to their extraor-
dinary properties and functions when interacting with various forms of waves, such
as electromagnetic, acoustic, elastic and seismic waves [1{6]. Through tailoring the
geometries and arrangements of subwavelength inclusions, not only have MMs ex-
hibited exotic phenomena not available or not easily obtainable in nature, such as
negative index refraction and invisibility \cloaking" [7{11], MMs also have led to
intriguing applications, including superlensing, imaging, holography and beam steer-
ing, etc [12{18]. While at rst a minor subtopic, metasurfaces, the 2D versions of
metamaterials, have become a rapidly growing and distinct subcategory in metama-
terial research [19{23]. Distinct from natural materials, whose properties are mainly
determined by chemical constituents and bonds, MMs obtain their unprecedented
attributes due to the internal physical structures. Therefore, whether the topic is
three-dimensional(3D) metamaterials or the two-dimensional(2D) metasurfaces, the
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fundamental interest in these structures originates from the basic interaction between
various waves and micro- or nano-structures, allowing new materials and devices to
be generatedrom structure to function.

Metamaterials can bring about novel functionality. One such appealing exam-
ple studied here is that of optical holography, including metasurface holography
and volume holography in the optical regime. In recent years, as a new revolu-
tionary imaging technique, metasurface holography has greatly stimulated scienti ¢
and engineering interest due to its exceptional light manipulation brought by the
cutting-edge nanofabrication and advanced computational design. The ultrathin
planar pro le of a metasurface makes it compatible with integration into on-chip
nanophotonic devices. Through the design of subwavelength 2D meta-atoms indi-
vidually with spatially varying geometric parameters, the wavefront properties of
electromagnetic waves can be accurately tailored in amplitude, phase, and polariza-
tion. Additionally, encoding the amplitude and phase information into the metasur-
faces using computational methods eliminates the burden on recording and enables
imaging reconstruction with a simple reference beam. As shown in Fig. 1.1, di erent
types of metasurfaces have been developed to mold the wavefronts at will[24], lead-
ing to highly e cient[25{27], high-resolution 3D multicolor[28] holograms in visible
range; holograms with well-controlled arbitrary 2D refractive index distributions in
infrared (IR) region[29]; and re-programmable holograms at microwave frequencies
[30]. The metasurface has also been investigated as a bridge connecting propagating
waves and surface waves [31], which might be useful for a new type of holography.

Though they provide considerable advantages in design, metasurface holograms
also have several limitations. First, the diraction e ciency is intrinsically quite
low in visible spectrum, especially when plasmonic nanoparticles are used [32]. Sec-
ondly, though the ultrathin planar structure can lead to lightweight and low-pro le
devices, it also limits the information storage capacity in that only a few holograms
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Figure 1.1 : Selected key research on metasurfaces. (a). The principle of light
propagation with phase discontinuity[24]; (b). Gradient metasurfaces brings high
e cient re ection [25];(c). High e cient holograms [26]; (d). Metasurface hologram
with ultrahigh e ciency [27]; (e). Gradient-index metasurfaces linking propagating
waves and surface waves[31]; (f). Multicolor 3D metasurface holography[28]; (g).
Holograms in the infrared region[29]; (h). Recon gurable hologram in microwave
frequencies [30].

can be encoded into one metasurface. To produce multiple images using a single
metasurface, all corresponding holograms have to be arranged at di erent spatial lo-
cations, which makes the coupling among the meta-atoms be quite complicated and
the design process onerous. If multilevel or multilayer metasurfaces are considered,
the fabrication would be very challenging by virtue of the complicated lithography
and alignment issues. In addition, the \supercell" which is used to achieve the 2
range of phase manipulation needs to be distinctively designed and accurately fab-
ricated due to the small size and complex geometry of each element. Furthermore,
as these complicated fabrication processes are seldom compatible with CMOS (com-

plementary metal-oxide semiconductors), not many practical applications have been
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realized yet[32].

Volume holography(VH), which makes use of an optically thick recording medium,
can overcome most of the obstacles that metasurface holography possesses[33]. Vol-
ume holograms can improve information storage capacity by virtue of their rigor-
ous wavelength selectivity, strict angle collection ranges and high diraction e -
ciencyies [34, 35]. Multiple holograms can be superimposed in VH by means of
multiplexing[36]. With these features, volume holography has been developed inten-
sively for potential applications like data storage [36{38], optical information pro-
cessing [39], and optical communication [40, 41]. Yet, limited by the undeveloped
fabrication techniques and computational design tools in the past decades, the inves-
tigation on volume holograms was greatly hindered. Recently, thanks to the perfect
synergy of developing fabrication technologies, new hologram generation algorithms
and the availability of ample computational resources, volume holographic devices
for practical applications has been reactivated. Researchers have been developing
new algorithms for volume holograms at microwave frequencies and the primarily
experimental result shows good consistency with theoretical prediction and numeri-
cal simulation [42, 43]. Note that when it comes to the near-infrared (NIR) or visible
ranges, since the corresponding wavelength becomes much shorter, meaning smaller
feature sizes, the fabrication and characterization become more di cult.

Though volume holography provides a strict wavelength selection, the most com-
mon working modes are still transmission and re ection as in metasurface hologra-
phy. This greatly restricts its application in integrated photonic devices and systems,
where waveguide holography (WGH) could play an important role. Since the wave
propagation distance in the WGH medium is also many wavelengths long, it can
be considered a special type of volume hologram. Therefore, it has most of the
bene ts of the VH such as the large information storage. Dierent from the strict
wavelength selectivity as in VH, waveguide holograms have (the waveguide prop-
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agation constant) selectivity, which means various colors can be di erentiated with
the decoupling angle for each color spatially separated.

Waveguide holography has gained considerable interest since it was rst intro-
duced in 1976 [44], due to its potential to integrate with other optical circuit ele-
ments to make more compact and reliable devices in various applications [45, 46].
In this case, instead of a plane wave which propagates in free space, as in metasur-
face holography cases or common volume holography cases, a guided wave is used
as the reference wave and/or the illuminating one. The original light sources can be
external or integrated in-plane as in edge-lit holography. However, due to the lack
of proper materials with little absorption or that are lossless at optical frequencies
and poor performance in fabrication, most of the waveguide holography work has
only achieved very simple patterns like dots [47, 48]. In addition, due to the un-
derdeveloped computer-generated-hologram algorithms, only one single color image
has been formed out the the waveguide structure[49{51]. While multicolor complex
images would be de nitely compelling in many applications, the pursuit of nding
the right material and developing multicolor CGH would be very attractive. In the
rst part of this dissertation, | will present our exploration on multicolor waveguide
holography in a metamaterial multilayer system with all-dielectric materials. An
electron-beam lithography resist usually used as a mask has unexpectedly proved to
be an excellent candidate as the key waveguide structure, in which a grating coupler
and a computer-generated hologram decoupler can be fabricated. Several colors of
light sources are embedded together while designing the computer-generated holo-
gram. We claim that this experimental realization of multicolor waveguide hologra-
phy in optical range can open up new practical applications in virtual reality(VR),
augmented reality(AR) and mixed reality (MR).

Also, as one of the critical dynamically wave-control approaches, polarization-

related holography has attracted the enthusiasm of the science community due to
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its versatility in applications such as information security, high-density data storage,
optical communication, material science, imaging and display technologies. How-
ever, most of the polarization-control holographic research is based on metasurface
holography[52{54], which is mainly in re ection or transmission mode, limiting their
ability to integrate with on-chip photonic circuit elements. No similar work has ever
been done with the waveguide holography system. Nevertheless, various fascinating
functions could be realized by manipulating the polarization of the incident waves.
In the second part of this dissertation, | will detail our investigation on polarization-
selective waveguide holography at optical frequencies. Instead of using only the
fundamental modes for both TE(transverse electric) and TM (transverse magnetic)
modes, we take advantage of the rst and second modes of TE and TM modes to
obtain polarization-selective waveguide holography. This new conceptual innovation
exhibits encouraging possibilities with waveguide holography systems.

Metamaterials(MMs) not only can bring new functions, but also can enhance
originally weak functions, such as optical bistability in light-controlling-light appli-
cation. In recent years, Im-coupled metasurfaces have been developing very fast
for it o ers an attracting platform for modern optics research due to the extremely
high eld enhancement in the ultrathin gap between metal nanoparticles and the
bottom metal Im, providing unique opportunities for applications in plasmonics,
nonlinear optics, quantum optics, etc[55, 56]. The metasurfaces could consist of dif-
ferent nanoparticles(NPs), including nanocubes[57], nanospheres[58, 59], nanostripes
[60, 61] and nanodimers, etc. Various models and theories have been developed to
investigate the interaction between the NPs and metal Im, including the dipole
model[58], the nonlocal model[59], the transmission line models[62], coupled-mode
theories[63, 64], surface modes analysis[65], e ective medium method[66], etc. A
simpli ed dipole model and scattering is presented in Fig. 1.2.

Due to the the size and shape of the gap between the NPs and metal Im can
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Figure 1.2 : Interaction between a plasmonic nanoparticle and a gold Im[62].

be controlled to subnanometer or nanometer precision with a bottom-up layer-by-
layer(LBL) deposition approach [57, 59], the eld in the gap could be greatly en-
hanced, leading to lots of applications, such as perfect absorbers[67], large Purcell
enhancement[68], ultrafast spontaneous emission[69], e cient photoluminescence[70],
multispectral imaging [71], enhanced two-phonton photochromism [72], broad elec-
trical resonance tuning[73], ultrafast single photon emission [74], a plasmon laser[75],
hot electrons [76], actively tunable resonances[77], hanocavity harmonics control[78],
real-time tunable coupling[79], etc.

However, not much nonlinear optical studies have been investigated on the Im-
coupled metasurfaces due to the inherent weak e ects. As a critical nonlinear optical
phenomena, optical bistability has attracted wide interest due to its application in
realizing all-optical logic elements such as switches, modulators or memories for all-
optical computing and communication[80]. Previously, a traditional post-processing
geometric method of optical bistability has been used to study the Im-coupled
metasurfaces[81]. This method involves linear simulations, ignoring the changes in

the refractive index of the nonlinear spacer layer. And it assumed that the eld un-



derneath the nanoparticles are homogeneous, which is not the real situation. In other
words, this method is complicated, time consuming, and very rough. Therefore, it
would be nice to develop a new method to explore the optical bistability of the Im-
coupled metasurfaces in a more accurate and e cient way. This would be the third
part of investigation work in the dissertation, where we propose utilizing a full-wave
simulation method to obtain the exact electromagnetic response of the Im-coupled
metasurfaces under normal light incidence, in which the nonlinear material properties
of the spacer layer has been intrinsically included during the whole simulation pro-
cess. Therefore, the inhomogeneous eld distribution underneath the nanoparticles
has been well considered and the change in the eld could be accurately converted
into the development of the nonlinear refractive index and vice versa. Besides, due
to that there are always two possible output states in the range of bistable region,
the direct simulation with nonlinear material properties is quite unstable, jumping
up and down to reach one of the solution. To solve this problem, during the input
intensity increasing and decreasing processes, we use the previous solution as the ini-
tial conditions as the next step simulation to make sure that the optical bistability
hysteresis could be smoothly obtained. This new numerical method forms a powerful

modeling platform for the optical bistability in various Im-coupled metasurfaces.

1.2 Outline

This dissertation is organized as follows. The rst part is about metamaterial waveg-
uide holography. In Chapter 2, | will propose and experimentally illustrate an out-
of-plane multicolor waveguide computer-generated holography based on a multilayer
all-dielectric matematerial system. A multicolor holographic image could be observed
in the far- eld when the light sources illuminate the grating coupler at di erent in-
cident angles. In addition, initial investigation on full color waveguide holography is

also included. Excerpts of this discussion are taken from the paper: \Out-of-plane
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computer-generated multicolor waveguide holographyQptica 6, no. 2 (2019): 119-
124. In Chapter 3, based on a similar system as the multicolor holography, I will
present our investigation on the polarization-selective waveguide holography, includ-
ing spatially separated and overlap holographic images are obtained by rotating a
polarization analyzer. Using these two images, stereo vision 3D e ect images have
been observed with a pair of linearly or circularly polarized glasses. Furthermore,
radially and azimuthally polarized beams are presented with the designed pattern
rotating with the polarization direction of the analyzer in phase or out of phase. Ex-
cerpts of this discussion are taken from the paper in progress: \Polarization-selective
matamaterial waveguide holography".

The second part of the dissertation is about the optical bistability for Im-coupled
metasurfaces. Chapter 4 will present a new simulation method on optical bistability.
A unique numerical approach to simulate a full optical bistability process of a Im-
coupled metasurface is proposed. Compared to traditional graphical post-processing
techniques, this novel method is considered to be highly accurate for that it self-
consistently solves both the spatial eld distribution and the intensity-dependent
refractive index distribution in the spacer layer of a metasurface. Based on the newly
developed theory on bistability, a comparison between theory and simulation is done
and excellent agreement will be shown. Furthermore, experimental discussion on the
material selection and characterization using a pump-probe system is also included.
Excerpts of this discussion are taken from the paper: \Optical bistability with Im-
coupled metasurfaces"Qptics letters 40, no. 23 (2015): 5638-5641.

In Chapter 5, I will give some outlook on future work and show some related media
reports. In Chapter 6, | will list most of the scienti ¢ contribution | made during
my PhD studies at Duke University. Then in Chapter 7 | will make a conclusion on

the whole dissertation.



2

Multicolor Metamaterial Waveguide Holography

In this chapter, | will rst review some background on holograms. Then | will
introduce a multicolor metamaterial waveguide holography system. Besides, the
simpli ed version numerical simulation of the whole system, which is based on a
grating-waveguide-grating model, is presented to o er the insight on choosing the
proper fabrication parameters to obtain an ideal etching depth for di erent colors
to have the best coupling and decoupling e ciency. More details on fabrication and
characterization are shown as well. At the end of the chapter, initial investigation of
full-color waveguide holography is illustrated.

My speci ¢ contributions to this topic are as follows:

| involved in the initial theoretical discussion on the design of the multicolor waveg-
uide holography system. I tried many di erent materials and found the proper one
that can work for the design. And | did the numerical analysis on the system and
fabricated all the related samples. Then did all the optical characterization for these
samples. Excerpts of this discussion are taken from the paper:

Zhigin Huang , Daniel L. Marks, and David R. Smith. \Out-of-plane computer-

generated multicolor waveguide holography"Optica 6, no. 2 (2019): 119-124.
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2.1 Introduction

The word \hologram" in Greek means \complete recording”, which contains informa-
tion about both the amplitude (which links to the intensity or brightness of an object)
and the phase (which corresponds to the shape) of a wave di racted by or scattered
from an object. A hologram is usually generated by the interference between an
object beam and a coherent reference beam and can form two- or three-dimensional
images that can be observed by naked eyes in case of a reference beam. This type
of lensless imaging technique was rst proposed in 1948 by Dennis Gabor [82], who
received the 1971 Nobel Prize in physics due to this holographic invention. As the
development of the initial laser system, computation and fabrication technologies,
holography has been attracting intensive interests and opening up a whole new area
of applications such as data storage [38], optical computing[83], image processing[84],
security [85], art [86] and entertainment [87], etc.

As indicated above, the holography consists of two distinct operations, infor-
mation recording and holographic reconstruction. First, an interference pattern is
recorded on some photosensitive medium via interfering a reference beam and the
object beam. In spite of the fact that all recording medium respond only to the
light intensity, phase information could be converted to intensity variation through
the interference process. Thus both intensity and phase information could be stored
in the recording medium. While in the reconstruction step, the medium provides
a linear mapping of intensity into amplitude transmitted by or re ected from the
material, leading to object reconstruction when illuminated by a coherent reference

wave [88]. The whole process can be described with the following equations[89]:
Il |r?|o? ro ro (2.1)
u rl rprl®> | of’q | r|?0 rro
(2.2)
U U U,
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where Eq.(2.1) shows the recording process with the scattering etdland reference
beamr and Eq.(2.2) illustrates the reconstruction process, in which the rst term
represents the enhanced reference wave; the second term describes the reconstructed
object image with the amplitude proportional to the reference intensity, which is also
called amplitude hologram; and the last term shows the conjugate complex object
wave, which depends on the relative phases between reference and object waves.

Traditionally, holograms are generated by recording two coherent beams inter-
ference patterns on a special medium, which is supposed to have a linear mapping
relationship between the incident intensity and the transmission or re ection of the
material after the exposure[88]. However, most of these hologram generation pro-
cesses are bulky and the inner chemical processes are complicated, which can not
be exactly controlled, causing very low conversion e ciency, low-resolution imaging
and high-order di ractions. After the proposal of computational generated holograms
(CGH) [90], patterns can be obtained in advance through rigorous theory derivation
and analytical calculation on a digital computer. Using this method, hologram could
be synthesized more accurate and e cient. Speci cally, an object that never phys-
ically existed could be digitally constructed, in other words, it could be ctitious,
leaving the only limitation to human's imagination and ability to describe that im-
age mathematically. To generate the hologram mathematically, lots of e ect has
been devoted to develop algorithms to calculate the elds that would produce holo-
gram and then transfer the elds into materials. The most well-known algorithms
related to CGHs include detour-phase (amplitude and phase), the kinoform (phase-
only), and the iterative Fourier transform algorithm (IFTA), which is also known
as the Gerchberg-Saxton(GS) algorithm (phase-retrieval) [91]. As a more advanced
method, CGH has been widely used in various types of holograms [21, 37, 92].

A hologram encodes a three-dimensional (3D) image into a two-dimensional (2D)
surface [93, 94], having numerous applications in modern technologies such as optical
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computing, communication, information storage and security [95, 96]. Traditional
holograms are generated by recording interference patterns formed by a reference
wave and an object wave on some photosensitive medium|usually requiring spe-
cialized equipment and time-consuming positioning and alignment of the object [97].
The alternative to traditional holograms is the computer generated hologram (CGH),

in which an interference pattern is synthesized digitally using readily available al-
gorithms. Another benet of the CGH is that it can be rapidly produced utilizing

a variety of nanofabrication techniques, allowing the production of arbitrary images
with high accuracy and at low cost [98{100].

While there have been numerous approaches to the fabrication of CGHs, sub-
wavelength diractive elements and metamaterials (MMs) potentially provide the
exibility needed for precise control of the wave front, leading to the capability of
arbitrary image formation. MMs are arti cially engineered materials with electro-
magnetic properties that relate to their subwavelength geometry as well as their
inherent material properties [101{105]. Combined with advanced nanofabrication
techniques, MMs can signi cantly expand the accessibility of material properties
over the optical spectrum, enabling precise control of the phase, amplitude, polariza-
tion and the nonlinear properties of electromagnetic waves [3, 20, 106{108]. CGHs
implemented with metasurfaces (2D MMs) have been used to generate vivid holo-
graphic images, including single color[52, 109{111], multicolor and full-color 2D or
3D images [112{116], and reprogrammable or recon gurable images [117, 118]; these
examples vividly illustrate the possibilities of metasurface holography. Distinct from
conventional optical components, metasurfaces rely on carefully designed nanoscale
metal or dielectric elements to control the phase and amplitude of the optical wave
front [119{121].

To date, multicolor metasurface holograms have relied on excitation by free space
beams in either re ection or transmission modes [112{116, 119{121]. This form of
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illumination is convenient for demonstrations and for some other certain applica-
tions, but not the best match for integrated photonics, where light can be generated,
con ned and propagated in a compact, planar device. Such con gurations favor the
use of a waveguide mode as the reference wave, with a hologram integrated into
the waveguide structure for o -plane projection. The basic concept of a waveguide
hologram (WGH) was initially proposed by Suhara in 1976 [44]. Rather than in the
free space the incident beam acting as the reference wave, the light is rst coupled
into the waveguide structure, with the corresponding waveguide mode serving as the
reference wave for a hologram designed for a given color. Therefore, compared with
conventional holography and re ection or transmission metasurface holography, a
WGH is more compact, tolerant to alignment error, and compatible with integrated
photonics technology[45]. In Suhara's study, holograms were exposed to an interfer-
ence pattern, with two primary images generated on both sides of the waveguide [44].
Building on the early developments in CGHs, a series of studies on edge-illuminated,
in-plane computer-generated waveguide holograms (IP-CGWH) followed in the 1990s
[49{51], in which additional techniques were introduced. These techniques include
interleaving of multiple holograms using gratings with di erent spatial frequencies
[122] or orthogonal grooves[123], integrated-optics waveguide fabrication[124], cou-
pled beams focus within a waveguide[125], and waveguide holographic read-only
memories realization [46]. Nevertheless, progress in IP-CGWHSs has been hampered
by limitations in fabrication capabilities, which lead to hologram feature sizes that
are relatively large, resulting in poor image resolution with only simple monochro-
matic patterns [47, 48]. Furthermore, the working wavelengths for the reported
holograms are not in the optical range, but at longer wavelengths [126{128]. Im-
portantly, most of the reported experimental demonstrations make use of in-plane,
end- re coupling, meaning the incident light sources come from either edge bers
[123] or built-in surface-emitting lasers [129], all of which require complicated design
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and demanding fabrication. One proposed solution to alleviate some of the chal-
lenges is to couple light external to the waveguide |from a free-space beam, for
example|using a grating coupler that can be implemented by a variety of meth-
ods. Initial explorations have included a simple silicon grating waveguide coupler
in silicon-on-insulator (SOI) at telecommunication wavelengths [130] and an e cient
metal grating coupler working at 800 nm [131].

It must be pointed out that in most of the early studies on WGHSs, the gen-
erated holographic images are just simple monochromatic patterns, such as dot
arrays[49, 123]. rather than the complex colorful images that would be desired in
most conceivable applications. While multicolor waveguide holography has attracted
tremendous interest, the eld remains in its infancy. For instance, in an eyewear dis-
play developed by Sony Corporation, a holographic waveguide was used to transfer
a full-color image generated external to the waveguide, and project it to a user's
eye [132]. Similarly, in a guided-wave illumination technique introduced by Hewlett-
Packard Corporation (HP), based on external images three groups of gratings were
combined to render a three-dimensional (3D) display [133]. In a surface-plasmon
holography study, a 3D color image was generated, while the hologram was not com-
puter generated but rather formed in the traditional interference pattern way[134].
In this study, we rst theoretically propose and experimentally demonstrate a multi-
color, computer generated hologram using out-of-plane excitation of an all dielectric
waveguide system. To realize multicolor waveguide holography, we propose a new
design concept in which the three colors are mapped to the Fourier domain with
distinct spatial frequencies; therefore the coupling angle into the waveguide for each
color varies and so does the decoupling angle. For the system structure design, we
multiplex several wavelengths through a single grating into a waveguide and demulti-
plex them via a CGH. The coupling grating serves to combine wavelengths, obviating

the need for external beam splitters or prisms. In free space illumination schemes,
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path length variation across the hologram surface is limited to that achievable by
free-space propagation, making it often di cult to separate the desired di racted
beam from the main beam or other diracted orders. By contrast, the waves in-
side the guiding structure propagate orthogonal to the hologram surface, so that
the phase variation of the reference wave is quite large. The structures for all three
wavelengths are fabricated in a single lithography step, ensuring excellent stability

and repeatability of the small features.
2.2 Theory development

To form the multicolor waveguide hologram, the design objective is a pair of coupled
di raction elements, the rst of which couples multiple out-of-plane optical light
beams of various wavelengths into a waveguide slab and the second one decouples
the waves o plane by a CGH, generating a multicolor holographic image in free
space. A schematic diagram of a multicolor computer-generated optical waveguide
holographic system is shown in Fig. 2.1(a) and a 3D conceptual illustration is given
in Fig. 2.1(b). A thin metasurface layer ( 300 nm) that works as the core guiding
medium is made of an electron-beam resist ZEP (ZEP520A, ZEON Corporation,
Japan), which exhibits low extinction at optical wavelengths. The air interface on
top, as well as a relatively thick layer ( 2 m) of silicon dioxide (SiQ) are the
cladding layers, while the bottom silicon (Si) substrate is a supporting bu er layer.
For multicolor holography, red, green, and blue semiconductor laser sources enter the
waveguide through a grating coupler incident at speci ¢ angles. The guided modes
propagate in the slab waveguide and then are scattered by a CGH and decoupled
out of the plane to generate a multicolor holographic image in the intended range of
angles (the gray region in Fig. 2.1(a)), which can be observed by human eyes without
any further image formation optics.

We divide the multicolor waveguide holography design into three interrelated
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Figure 2.1 : A design of an all-dielectric out-of-plane excited computer-generated
multicolor waveguide holography system. (a). A schematic diagram of the system.
Three-color semiconductor laser light sources (red, green and blue) are rst coupled
into the waveguide through one grating coupler; then the propagated waves in the
slab waveguide are decoupled out of the surface by a CGH in an intended range of
angles (the gray region) to reconstruct a holographic image (red\R"+ \G"+ blue
\B") in free space. A certain color light wave (e.g. green) decoupled by a di erent
color hologram (e.g. red \R" hologram) would generate a wrong color letter (green
\R") outside of the collection range (the gray region), or be suppressed (e.g. blue \B"
hologram). (b). A 3D conceptual system demonstration for a multicolor hologram.
Reprinted with permission from [135]¢ The Optical Society.
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parts: the waveguide and associated propagation modes; the grating coupler; and

the computer-generated hologram decoupler.
2.2.1 Waveguide design

For the waveguide design, we apply a quasi-analytical model that serves as a rst-
pass analysis of the waveguide modes. To simplify this analysis, we replace the Si
substrate with air to obtain guided modes for the core and cladding layers. Since the
cladding layer is many wavelengths thick, the magnitude of the elds is negligible
in the bu er layer. All the dielectric materials used in the multilayer system are
assumed to be lossless to further facilitate the analytical model.

To calculate the propagation modes in the waveguide, optical transfer matrix
method for a multilayer system is used [136]. As shown in Figure 2.2a, when the
waves are guided by the dielectric layers, no input elds exist as the mode is mainly
con ned to the metasurface slab, which meanis; E; 0. On the other hand, the
elds on the right side of a layer are related to those on the left side through a transfer
matrix with coe cients of A;B;C;D, thus, Ey CE, DE . SinceE, 0
due to the evanescent wave in the air, the propagation constants for guided modes
correspond to the coe cientD 0 case and all possible modes in the waveguide can
be obtained.

Here, for a su ciently thin guiding layer, only the fundamental mode for each
color is considered, since it has the largest propagation constant and most of the
energy is con ned within the waveguide. The fundamental modes for the red (635
nm), green (532 nm) and blue (450 nm) (RGB) light sources in one of the designed
systems are shown in Figure 2.2b, with all the fundamental propagation constants

(k;) listed.
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Figure 2.2 : Waveguide modes analysis and a grating coupler design. (a) Optical
transfer matrix analysis in a multilayer system; (b) The fundamental modes corre-
sponding to wavelengths in the red, green and blue; (c) The k-space diagram for the
grating coupler (Direct re ected beams from the input coupler locate outside of the
collection gray region to avoid interfering with the projected holographic image); (d).
A SEM image of a fabricated grating coupler. Adapted with permission from [135]
¢ The Optical Society

2.2.2 Grating coupler design

The second design part is related to the grating coupler. Once the propagation
constants of the fundamental modes for each color are obtained, the grating coupler
period and the required incident angles can be determined. The grating period must
satisfy the phase-matching equatiormk Kwinc  Kr with m an integer. Herek

is the wave vector related to the grating period throughk 2. Kyinc Is the
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x-component of the incident beam wave vector in free space, and the corresponding
incident angle i, is determined by the equationky:inc Ky:0SINP inc G With Ky.o
being the free space wave vector of the incident beam.

The k-space diagram of the input grating coupler is shown in Figure 2.2c, in-
dicating the directions of the re ected and transmitted beams. The radii of the
concentric semicircles represent the amplitudes of the wave vectors in the air and
waveguide regions, respectively[137]. In the multicolor holographic case, in addition
to coupling the beams into the metasurface waveguide, the single period grating acts
to combine the beams as well. In one design, the period of the input gratings is set
to be 280 nm, and the incident angles (,.) for the three di erent colors are then
determined to be 527 (red), 241 (green) and 5:8 (blue), indicated by the
angle (j 0). Here the negative sign of the incident angles means the light sources
come from the right side of the gratings, which are specially designed such that the
decoupled holographic images would be directed to the left side to avoid beam inter-
ference during optical characterization. As shown, there are two diraction orders
of waves in the transmission region for each light source, but only the -1th order
waves propagate to the hologram decoupler. It should be noted that no attempt
was made here to optimize the e ciency of the grating couplers, so that the overall
e ciency of the hologram is not very high (1% light output). The e ciency is mainly
determined by the etch depth of the grating [138, 139]. Matching the e ciencies of
the three wavelengths is not realistic with a single etch depth. If larger e ciency
is desired, the e ciency may be optimized for the wavelength for which the least
power is available, and the power balanced between the laser sources to compensate
for e ciency di erences. Figure 2.2d shows a scanning electron microscope (SEM)

image of a fabricated grating coupler.
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2.2.3 Computer-generated hologram

The third part of the design is to synthesize the computer-generated hologram (CGH)
for an arbitrary input object (or object wave) assuming the excitation by the prop-
agating waves (guided reference waves). For the hologram decoupler design, the
output angles from the hologram for di erent colors are mapped to disjoint regions
of the colors' spatial frequencies in a single Fourier space; when excited by the di er-
ent color components, the hologram is designed to reassemble the components into a
common eld-of-view, creating a multicolor image. In principle full color images are
possible based on mixing the RGB components; however, for this demonstration, we
chose to demonstrate a simpler three-color image to avoid more intricate alignment.
For the holograms in this study, the angles of the decoupled waves,{) vary from

45 to 35 in the x-direction and from 5 to 5 in the y-direction, all mea-
sured from the surface normal, indicated by the angle(j 0) both in Figure 2.1a
and Figure 2.3c . The coupling between thk vector of the guided waves (given by
the propagation constants) and the free space k-space vector (given by the scattering
angles) is considered.

As for the whole waveguide holography system in the case of multicolor, compre-
hensively shown in Figure 2.3a, the k-space diagram of a grating coupler illustrates
how the grating period is determined once the propagation constants of the waves are
obtained for the waveguide. The k-diagram in Figure 2.3b shows that if the incident
beams accidentally illuminate the hologram directly, only the zero-order re ection
of the hologram occurs, but at angles outside of the reconstruction and collection
region (gray area). The k-diagram of the hologram decoupler in Figure 2.3c shows
that only the -1st order diraction participates in forming the holographic images.
The generated holographic image are reconstructed over an intended range of angles

and can be collected by an imaging system that consists of a collector lens and a dig-
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Figure 2.3 : A multilayer system for waveguide multicolor holography. (a).Grating
coupler k-diagram with red, green and blue light sources incident in speci cally
designed angles.(b).The k-diagram of a multicolor hologram shows that if the three
light sources illuminate the hologram directly only zero-order re ection beams exist
in the re ection region. (c). The k-diagram of a multicolor CGH as a decoupler to
reconstruct a multicolor holographic image in the intended range of angles which is
labeled as the gray region. (d). The multilayer structure of a waveguide multicolor
holographic system. Reprinted with permission from [135] The Optical Society.

ital camera. Figure 2.3d illustrates the multilayer system, showing a grating coupler
and a CGH decoupler with waveguide modes propagating in the waveguide region.
The object in the example is taken as a letter combination with a red \R" followed
with a green \G" and a blue \B" . A theoretical multicolor holographic image of
\RGB" is reconstructed in the designed region. Note that the image seems to be
a mirror of the object in the 2D pro le, while in the actual experiment it has been
veri ed that the letter order is correct, just as the object. As shown, only the letters
with the correct color combination locate in the intended range of angles; letters

corresponding to other di racted orders lies outside of the collection region.
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Figure 2.4 : The generation process of a multicolor waveguide holographic CGH.
(a).Flowchart of the CGH design with the square region labeling the \GS" algorithm-
based hologram generation. (b).The constraints in the spectrum domain which re-
quires that the spatial frequencies are separated for the three colors of red, green
and blue for the intended range of decoupling angles.(c). The spatial frequencies of
RGB three color letters are separated in one single Fourier space. Reprinted with
permission from [135]° The Optical Society.

To obtain an optimized intensity distribution for the reconstructed holographic
image, we follow the design process indicated in the owchart shown in Figure 2.4a
[51, 140]. We start with a desired color image that is to serve as the object. For
the present work, the images have three colors that are spatially distributed. We
then separate the image into three color planes, each resulting in a black and white
image corresponding to one of the three color channels. We then map each pixel on
each color plane to a decoupling angle located in a certain range. The minimum and
maximum of the decoupling angles are chosen such that the Fourier components for
each color are disjoint, as shown in Figure 2.4b and in the example of multicolor
RGB letters in Figure 2.4c. It should be noted that di erent color planes are com-

bined into a single Fourier space. Then a GS-based hologram generation process is
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Figure 2.5 : Hologram generation and reconstruction example illustration. (a) The
desired object; (b) The separated Fourier components for di erent colors; (c) the
corresponding computer-generated hologram; (d) The reconstructed image based
on the generated hologram. Reprinted with permission from [135%] The Optical
Society.

performed[141], as labeled with dashed lines in the Figure 2.4a. A random phase is
superimposed on the desired amplitude to form a complex eld and then impose a
fast Fourier transform (FFT) to the spectrum domain. Apply a constraint to the
generated hologram which requires that the hologram must be a binary hologram
due to the current fabrication design out of simplicity, in which the CGH part meta-

surface would be either partially etched or not. A reconstruction algorithm is used
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