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Abstract

Single-layer metasurfaces for full-space
optical phase modulation

Jangwoon Sung
Department of Electrical and Computer Engineering
College of Engineering

Seoul National University

Metasurfaces have received enormous attention thanks to their unique
ability to modulate electromagnetic properties of light even in various
frequency regimes. In recent years, exploiting their potentials of fabrication
ease and modulation strength, unprecedented and unique controlling of light
that surpasses conventional optical devices has been suggested so far. They
are providing new paradigm for optical system thanks to not only their planar
form factor, but their outgoing ability of light control compared to the bulk
optic components. Considering that the current wearable devices and smart
devices require lighter and better optical devices, it is no exaggeration to say
that we cannot talk about future optical devices without them.

In this regard, this dissertation presents the metasurfaces designed to
control the phases at both the transmission and reflection spaces. Compared
to the conventional metasurfaces that consider only transmitted or reflected
light from metasurfaces, this proposed platform enhances the information
capacity of metasurface into full-space. Therefore, it can be regarded as a new

paradigm in metasurface design and system design as well. Contrary to the



intuitive point of view, it is designed to independently control the scattered
light in full-space, especially the phase of light imparted into two spaces, with
a single layer and a simple structured metasurface.

In this dissertation, total three platforms are introduced. Firstly, a novel
metasurface that enables full-space light control is realized, offering an
unconventional functionality that provides a new foothold for metasurface
integration in optics. Multipolar interference and Pancharatnam-Berry phase
are combined with each other and suggested as a physical background for the
proposed device. As an example of the functionality, asymmetric beam
steering and hologram generation are proposed and measured experimentally.
To author’s knowledge, this is the first work achieving independent phase
control of full-space in visible range.

Secondly, a metasurface platform consisting of interleaved L-shaped
meta-atoms is presented. Basically, this metasurface is designed to operate by
Pancharatnam-Berry phase (controlled by incident circularly polarized light)
as above and transmits different phase values in the transmission and
reflection directions. In addition, when the polarization handedness of the
incident light is altered, the phases transmitted in each direction are designed
to reverse each other, which, to author’s knowledge, has never been proposed
before.

Finally, the author presents a design method that enables polarization-
dependent full-space control, in which two independent and arbitrary phase
profiles can be addressed to each space. Upon introducing a phase gradient
value to realize the critical angle condition, conversion of transmissive into

reflective operation is realized. Then, rectangular nanopillars are utilized to



facilitate polarization beam splitting with the desired phase. Three samples
were fabricated and measured based on the proposed scheme.

In conclusion, this full-space control is meaningful in three ways: 1) it
showed an unprecedented control method that is possible only through
metasurfaces, 2) increased the amount of information that metasurfaces can

have, and 3) showed potential for future optical devices through new control.

Keywords: metasurface, full-space control, phase modulation,
nanostructure, space conversion, polarization control
Student Number: 2016-20921
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Figure 2.10 Measurement setup for proposed metasurface. (a) 2-f setup for
capturing beam deflection images (b) 4-f setup for holographic image
retrieval. Pol: polarizer (circular) BS: beam splitter, MS: metasurface, CCD:
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Figure 2.11 Conceptual illustration of the first device which deflects
transmitted wave into +y-direction, while it sends reflected one to +x-

direction. (b) Fabrication result for the first deflection device. Scale bar: 400

Figure 2.12 (a, b) Experimental result showing intensity captured by CCD
camera as well as the line graph expressing the intensity value of desired
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Figure 2.13 Conceptual diagram for the second device that induces the
transmitted wave direction into the first diffraction order and reflected wave
to the minus second diffraction order. (b) Fabricated second device sample.
Scale Dar: 800 NIM. ..o 32

Figure 2.14 Experimental result showing intensity captured by CCD camera
as well as the line graph expressing the intensity value of desired diffraction
orders and unwanted one together. (a) is captured in transmission space, and
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Figure 2.15 Illustrations of Fresnel-type hologram generation via proposed
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POSSESSING tWO TACES. ...ovvvcicicicicrceeee e 34

Figure 2.16 (a) Phase profile of each face obtained by ASM. (b) Fabricated
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Figure 3.1 Schematic diagram showing operation of single LSMA and its

structural PAFAMETEIS ... 41

Figure 3.2 Schematic diagram showing one example of LSMA and its
enantiomeric counterpart. Lower two field distributions show when x-
polarized wave is used as excitation source. Black arrows show the vector

expression of induced current distribution. Scale bar: 100 nm ...........c.cc....... 43

Figure 3.3 Schematic diagram for explanation of the role of LSMA (a)
Comparison of a LSMA and its enantiomeric counterpart. Scattered light in
red color is the resultant light from + polarized light, while blue colors are
scattered light when — polarized light is illuminated. (b) Interleaved case and
its corresponded operation by polarization. The phase by angle € (o) is at
transmission (reflection) space when + polarized light is illuminating source
and when it is changed to — polarization, the phase by angle 8 (¢) proceed to

reflection (tranSMISSION) SPACE. ......c.cuvurvririiiirinirree e 44

Figure 3.4 (a) Line plots showing cross-polarized component of
transmission (left) and reflection (right) spectrum altered by incident
handedness of circular polarization. (b) Extinction ratio spectra of
transmission and reflection, respectively. In terms of transmission, it is ratio
of — to + polarization, while in reflection, it is ratio of efficiency of cross-
polarized light by + to — polarized light. Shadowed region is marked for
extinction ratio larger than 10 dB...........cccooevieiiciiicce e 46

Figure 3.5 (a) Line plots showing absolute values of electric fields by each
multipole modes. Left (right) is the result when + (-) polarized light is used
as excitation source. (b) Complex plane expression of each multipole mode
except for octupole modes when the wavelength of source is 633 nm. The

sum of modes having even and odd parity each is also shown for clarity....48

Figure 3.6 Schematic diagram for clear understanding of four selected

multipole modes by the representative rectangular nanopillar. Note that the
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black arrows indicate the desired induced current for outcoupled y-polarized
wave at each multipole modes. If necessary, in addition to the yz cross

section, xy plane expression is Provided..........ccccoovvveviviviiiicccesee e 51

Figure 3.7 Complex plane expression of four dominant multipole modes (a)
Expression of the fields decomposed when linearly polarized wave is
excitation source. (b) Multipole modes that show the contribution to the
cross-polarized terms when circularly polarized light impinges, calculated
from upper line result. The field by the handedness of polarization is shown

TOGELNET. .o 52

Figure 3.8 Representative SEM image with schematics shows the unit cell
of the structure. The yellow dotted rectangle is unit cell and repeated left

and right and up and down to form final device. Scale bar: 550 nm............. 54

Figure 3.9 Schematic illustration for the experimental demonstration of

proposed metasurface. Pol: polarizer, BS: beam splitter, MS: metasurface.55

Figure 3.10 (a) schematic diagram showing electric field distribution varied
by incident light direction and rotation angle. (b) Reflection and

transmission curve by rotation angle of LSMA. ..., 56

Figure 3.11 Hologram generation using proposed metasurface. (a)
Schematic diagram showing operation of sample for hologram generation
(b) Phase profiles for “ABCD” (left) and “abed” (right), respectively,
retrieved by GS algorithm. (c) Experimental results using sample for
hologram. Upper two images are from transmission space, and lower two
are from reflection spaces. White arrows indicates the input polarization of

INCIAENT HGNT.....occ e 57

Figure 3.12 CCD-captured images varied by the wavelength of incident

Figure 3.13 (a) Schematic diagram showing the operation of the beam

deflection sample by proposed scheme. The polarization sensitive operation

Xi ].'3
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is shown by color differentiation: when the source is LCP (RCP), it is blue
(red). (b) SEM images of fabricated sample. The LSMA and its
enantiomeric counterpart show different direction-dependent rotating
property. Scale bar: 500 nm. (c) Line plot showing SNR varied by
wavelengths. Each plot graphs are retrieved in transmission and reflection
spaces, respectively. (d) CCD captured results distinguished by space and
input polarization. Upper two are results in transmission, and lower two are
in reflection. Dotted yellow circles are for clarification of desired diffraction
0] (0 1= OSSPSR 59

Figure 4.1 Schematic diagram and transmission coefficients of nanopillar,
which is used as unit structure throughout this article. (a) Schematic
diagram of rectangular nanopillar expressed with structural parameters. The
structure is illuminated from the bottom. (b) Schematic diagram and SEM
captured image showing how the meta-atom is structured and made in
simulation and experiment. (c) Simulation results of amplitude and phase of

transmission Txx, While varying Lx and Ly of single nanopillar. ..................... 64

Figure 4.2 Structural parameter and amplitude data set used in the main text
sorted by the desired phase values of Tx and Tyy. (a) Colored plot graphs of
structural values of L and Ly. Coordinate values indicate the lengths of
corresponded phase values of Txxand Tyy. (b) Colored plot graphs of

amplitudes, corresponding to the Fig. 4.2a. ........ccccooeevvveceiieeeeceee 65

Figure 4.3 Conceptual schematic for explanation of mechanism of phase
modulation of arbitrary polarization pair. When the nanopillar rotation is
introduced, the phase modulation at arbitrary polarization pair is possible

with flipped handedness as described in the text. ..., 67

Figure 4.4 Conceptual diagrams of proposed phase gradient metasurfaces
for explanation of mechanism of desired scheme. (a) Schematic illustration
of transmissive PGM consisting of two meta-atoms (m=2). The period of

supercell is a, assuming that the meta-atom is transmissive and having
.o :| |
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gradient value of 27/, the light is bent by addition of corresponding
momentum as shown. (b) Schematic illustration for showing transmissive
PGM of m=2 and phase behavior when the direct transmission (L=1) and

induced reflection (L=2) @PPEAT. ........ccoveveveveieeeeeeeceeeee e 70

Figure 4.5 Procedure of how diffraction occurs when critical angle condition
is met. (a) The condition when the diffraction can be explained with GSL.
(b) Equifrequency contour. From bottom, the light is normally illuminating
to structure, yielding anomalous refraction. (c) Schematic of obliquely
incident light when critical angle condition is met. (d) Equifrequency
contour described by GSL. (e) Schematic diagram showing the induced

reflection. (f) Corresponded equifrequency Contour...........cccocevvvevevercieieienenen. 72

Figure 4.6 The equifrequency contours of PGM when a=2P. Red circles are
transmission contour graphs and the green circles are the reflection
contours. The solid (dashed) circles are coupling-possible (-impossible)
contours of diffraction orders solved by eq. 4.10. The blue arrows show the
directions of incident and output light. Since the surroundings are different

at transmission and reflection spaces, the radii of contours differ from each

Figure 4.7 Simulated results showing the induced reflection. (a) The light
field intensity patterns from ten selected structural parameter sets. The
electric field is directed in y. The interference pattern shows the light is
mostly reflected. The square nanopillars in one set have phase values that
are out-of-phase to each other, which means identical phase gradient. Their
original phase values in transmission can be observed in (b), and they are
increasing values maintaining identical phase gradient. Green triangles are
phase values from right nanopillar, and red circles are from left. The
reflected phase values of (i-x) are also shown in black squares, which are

two times of the transmissive phase shift. (¢) Transmission and reflection
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amplitudes from (i-x). Red squares are reflection and green circles are
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Figure 4.8 Schematic diagram and colored plot graphs for explanation of
reflected phase values designed in linear polarization pair. (a) Schematic
diagram of two-fold meta-atom unit cell design, and scattered wavefronts
from each meta-atom is marked by yellow-colored circle and triangle,
respectively. (b) Examples of structural parameters of two meta-atoms
exhibiting transmission at x-polarized shined condition, and reflection at y-
polarized shining. They should meet the condition of out-of-phase condition
at Tyy, while Txs are in-phase. As results, line that passes circle and triangle
both is parallel to y-axis. Note that the yellow circle can only be displaced in
the red-shaded area, which is for evading the overlapped parameter set. That
is in fact related to the reflected: Reflected phase of Ryy is determined by the
two times of Tyy of circle and triangle. (c) Determined phase and amplitude
values of Txx and Ryy extracted from resultant two-fold meta-atom,
calculated by simulation. As shown in the graphs, it is noteworthy
mentioning that the scale of y-axis is half of the scale in x-axis. At the same
time, the phase values of Tx and Ryy are changing with identical gradients,
which means that the phase of Ryy changes two times faster than that of Txx.

Figure 4.9 (a) Schematic diagram of optical setup for capturing Fourier
images of fabricated samples with diode laser of 980 nm wavelength. The
input polarizers are subject to change according to the purposes. The two
lenses before metasurface are used for collimating the light, and the lenses
after metasurfaces are for 2-f system for obtaining the Fourier image of the
metasurface. MS: metasurface, CCD: charge coupled device, BS: beam
splitter, Pol.: polarizer. (b) Schematic diagram of unit cell composed of two
rectangular nanopillars. (c) SEM captured image from sample operating in

linear polarization pair. Scale bar: 1 pm (d) Schematic diagrams of three

Xiv =
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fabricated samples distinguished by polarization pair in operation. For beam
steering and hologram generation samples, this notation is preserved. ........ 79

Figure 4.10 Beam steering results from experiment (a-c) CCD-captured
images as well as the line graph extracted near the zeroth order diffraction,
showing experimental results of diffraction order efficiency. (a) is from
sample 1, operating in linear polarization pair, (b) from sample 2 operating
in circular polarization pair and (c) from sample 3 operating in elliptical
polarization pair. White arrows indicate the polarization states of the input
light. (d) Polarization extinction ratio obtained from three fabricated
samples. Simul.: simulation result, Meas.: Measured result..............c.ccccce..... 81

Figure 4.11 Beam deflection schematic diagram and results from simulation
and experiment. (a) Schematic diagram showing beam deflection with
parameters for diffraction order and polarization states. (b-d) Dot plot
showing simulation and experiment result of diffraction order efficiency. (b)
is from sample 1, operating in linear polarization pair, (c) from sample 2
operating in circular polarization pair and (d) from sample 3 operating in
elliptical polarization pair. Arrows indicate the polarization states of the
input light. The written numbers in graph are the diffraction efficiency of
desired components. Blue squares are the simulated results and red

diamonds are from mMeasured reSUILS. .........oov oot 83

Figure 4.12 Hologram generation results from simulation and measurement.
From top to bottom, they operate in (a) linear (sample 1), (b) circular
(sample 2), and (c) elliptical (sample 3) polarization states. Arrows indicates

how the polarizer is directed at input €Nd............cccovevieeiiivciicsece e 85

Figure 4.13 Polarization extinction ratio of hologram generation sample....86
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Chapter 1 Introduction

1.1 Overview of metasurfaces for optical modulation
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Figure 1.1 Conceptual diagram of metasurface and its unit, meta-atom.

With the recent increase in the weight of smartphones and the activation and
development of the wearable smart device market, new types of displays and
cameras that can be applied thereto have been actively developed. Especially,
optical components represented by cameras have an adverse effect on
consumers' choice due to the increase in weight and form factor followed by
the advancement of performance. The well-known solution for these
problems, holographic optical elements, diffractive optical elements, or
waveguide system assembled with conventional refractive optical

components is now suffering from the limit including trade-off of



performance and form factor, which delays the applicability and potential to
become real-life device. In this regard, machine-learning involved technology
has become the breakthrough of some abovementioned issues, but some
major problems that are related to the performance of physical factor of
integrated device, such as numerical aperture, resolution, aberration etc.
cannot be resolved by the speculation produced by software. Accordingly, it
is essential to develop or introduce a new optical system with performance
and miniaturization to improve the consumer environment.

The prefix meta- means to transcend the following suffix, which implies
that one can think of the optical metasurface as something that surpasses the
normal surface. Metasurfaces are different from normal surfaces because light
reacts abnormally at their boundary in an unexpected manner [1-5].
Practically, they are composed of artificial subwavelength structures that
utilize light-matter interactions for specific and user-choosing purposes. As
planar counterparts of metamaterials, meta-atoms, which are structural unit
of metasurfaces, are engineered to have abnormal electric permittivity and
magnetic permeability that are not shown in natural materials. As the atoms
determine the optical properties (i.e. permittivity, permeability) by their
electronic characteristics with their size, the scale of meta-atoms is designed
to become smaller than the wavelength of interests, so that the early research
on metamaterials or metasurfaces was performed in microwave range, which
has a wavelength in centimeter scale [6, 7]. Since recent nanofabrication
technology makes it possible to manufacture tens of nanometer-scale building
blocks on wafer, this enables to make metasurfaces in the optical regime by

scaling down the meta-atoms. Considering that the light-matter interaction is

2



related to the forward/backward scattering (Eoutt Eoutr) and the absorption by
the imaginary index of matter is usually regarded as the unwanted loss, the
main purpose and goal of design of metasurfaces have been concentrated on
the control of transmission (T) and/or reflection (R), as depicted in Figure 1.1.
The design objectives include but are not restricted to the constituents of light,
such as wavelength, wavevector, polarization and nonlinearity. Meanwhile,
as mentioned above, employing the fact that the light-matter interaction
decides the resultant wavefront elsewhere, shapes and distribution, which also
affects the scattering characteristics owing to the spatial dispersion between
adjacent structures, are used as design parameters.

Furthermore, metasurfaces attract much attention thanks to their easier
fabrication than metamaterials and compactness thanks to two-dimensional
shapes [8, 9]. This makes metasurfaces applied to the optical components in
the recent decades with their main advantage: their unprecedented capability
of light manipulation. Notably, keeping going from strength to strength, light
manipulation through meta-atom has surpassed the conventional optic
components in terms of their compactness as well as their performances [2,
10]. For example, they were employed to realize the desired wavefront such
as complex hologram generation, a piece of planar achromatic lens, beam
steering by abrupt phase discontinuity and mimicking the traditional optical
elements with superior performance [11-17]. In addition, these properties
have developed to go beyond the conventional device, such as polarization
multiplexing, multifunctionality with respect to the light properties,
multiwavelength functionality, and dispersion engineering, which create and

open the potential for the future optical platform [18-23].

3



1.2 Motivation of this dissertation: metasurface for
full-space control

Transmission-type Reflection-type

/\/\/\A/\

Ay A M\

Figure 1.2 Diagram showing two major operations of conventional metasurfaces

Among various research fields branched out, expansion of the information
capacity by metasurfaces has been pioneered so far, inspired by their
performance and ultrasmall form factor compared to conventional optical
elements [24, 25]. In this regard, the illuminating condition of incident light
should be modulated for verification of desired operation, and the condition
has been polarization, wavelength, incident angle, etc [20, 21, 25-27]. For
example, when the meta-atom has shape of the rectangular pillar, anisotropic
property emerges and these structural characteristics are used to generate light
reaction sensitive to polarized direction of input light wave [21, 28]. This is
contrasted with when square or circular pillar is adapted as meta-atom, as they
exhibit polarization insensitive operation [29-31]. It is notable mentioning
that the former rectangular pillar has merits on the doubling information
capacity controlled by polarization, while the latter can be thought to be more
versatile since it does not care the polarization of input light. The point is that

the numerous structures can be selected by researchers for the unprecedented

4



multifunctional natures, other than simple structures [1, 2, 6, 8, 24-26]. The
development of multifunctional metasurfaces also produces a lot of methods
to describe physical proofs of them, proposed by Jones matrix calculus, mode
analysis, etc. Meanwhile, apart from them, it is well-known that fixing the
observation plane and illumination condition of incident light can add
functionality onto metasurfaces without special structural modification or
physical origin [32, 33]. As far as we know, the maximum number of
holographic images was 63 (2°-1) which are encoded in the spin and
wavelength of incident light [33]. However, this kind of metasurface lacks in
versatility because the operation is only restricted to the hologram generation
and the strict and careful light incident condition should be guaranteed for
desired number of functions. For example, the maximal number of
independent controllable phases is known to be three, but if polarizer at the
output end is unacceptable, it reduces to two [34, 35].

As one branch of the effort to increase functionality, there have been
researches on full-space control using metasurfaces [36-49]. Full-space
control means the intentional modulation of forward and backscattering,
extending the degree of freedom of metasurface in terms of controlling space.
It is different from the conventional metasurfaces in that their controlled
spaces are usually restricted to transmission or reflection spaces only. That is,
as shown in Figure 1.2, the conventional metasurfaces are designed to operate
in transmission- or reflection-type, which controls the wavefront at
transmission and reflection spaces, respectively. When a metasurface are
designed into transmission-type, for example, the remnant space, in this case,

reflection space, will be left undesigned, only to demonstrate meaningless
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information. It is notable that the dimension and shape of metasurfaces for
full-space control are not unconventional ones compared to conventional
metasurfaces. For example, in visible frequency regime, the full-space control
can be presented with silicon nanopillar or metal nanorod, which is very
common design of metasurface, and when it is realized in terahertz or
gigahertz frequency regime, their meta-atoms are popular form of cascaded
metallic structure [36, 41, 43, 46, 47, 49]. However, except for several studies
that suggest exact usage and the followed design, the full-space control in
optical frequency regime has not covered independent control of two spaces.
For example, in ref [49], the measuring position and illuminating condition
should be rigorously fixed for desired operation. Metasurface platform
proposed in refs. [46, 48] cannot make two independent phase profiles into
transmission and reflection spaces, respectively. On the other hand, when the
full-space control is realized in long wavelength region (centimeters scale),
the imparted phase values at transmission and reflection can become different
in the majority of researches showing full-space modulation, which improves
versatility compared to counterparts in visible region. This types of
metasurfaces have merits on the complete separation of transmission and
reflection. However, it will have severe problems in efficiency and difficulty
in fabrication, if the layered metallic structures are scaled down to the
hundreds of nanometers.

In this dissertation, the metasurface platforms that can control the
wavefronts (conveyed phase values) of transmission and reflection space
independently in optical frequency regime are presented [38, 40]. They are

distinguished from conventional metasurfaces in that they only care about

6



transmission or reflection space as mentioned above. Note that proposed
metasurfaces have fundamental difference from full-space control realized in
optical frequency regime by other groups. For instance, in the case of ref [46],
since it is designed so that transmitted light and the reflected light have the
same intensity and phase, it can be rather classified as a conventional
metasurface. But it is sufficiently meaningful in that they show the exact
usage of structural light extension, and anyway it exhibits the full-space
control of light. Also, since it is designed for specific purpose, it has common
with proposed metasurfaces in the increasing designable space. Meanwhile,
in the case of ref [49], different images can be observed in the transmission
and reflection directions only under certain illumination and measurement
conditions. Conversely, the proposed metasurface can be used for
manipulation of entire space, and the imparted phase values at each space can
be independently modulated. To help clear understanding, the discrepancy is
shown in Figure 1.3.

It is expected that proposed metasurface platform contributes to the
potential of metasurface as a novel light modulator thanks to several reasons:
Since there have been a lot of studies that make use of the phase modulation
metasurfaces to implement the unconventional mechanism, the proposed
metasurface platform can be used to mimic them at full-space. Secondly,
considering recent electronic device markets as above, the novel metasurface
system shall pave the way to design platform of unprecedented form factor,

which is impossible with conventional bulk optic elements.
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Figure 1.3 Diagram showing the definition of proposed metasurface with respect to
the comparison with conventional full-space control
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1.3 Scope and Organization

Tt 1

4> b +4~

Figure 1.4 Schematic operation for comparison of each chapter. From left to right,
described ones are Chapter 2, 3 and 4. Blue and red colors are for expression of
distinct imparted phase values. Note that in Chapter 4, arbitrary polarization pair can
be adopted for same kind of function.

The main body of this dissertation consists of three chapters. Note that in each
chapter, the different types of metasurface that enables independent phase
control at transmission and reflection spaces in optical frequency regime will
be shown. The methodology of experimental demonstrations in three chapters
is same by holographic image generation and beam deflection. To show
experimental proofs that are not possible with conventional metasurfaces, the
generated holographic images are totally different in transmission and
reflection spaces and the imparted phase gradients are also dissimilar by the
phase gradient strength or direction.

In Chapter 2, a novel metasurface that enables full-space light control
is presented, offering simultaneous and independent transmission and
reflection when circularly polarized light is illuminated. Multipolar
interference and Pancharatnam-Berry phase are combined with each other
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and suggested as a physical background for the proposed device. As far as it
is known, this is the first work achieving full-space control in visible range.

In Chapter 3, a metasurface platform consisting of interleaved L-shaped
meta-atoms is presented, imparting different and independent phase values to
the transmission and reflection directions. In addition, when the handedness
of circular polarization of incident light changes, the phase values imparted
to each direction are designed to be switched to each other, and this scheme,
as far as we know, has never been proposed before. The Jones calculus and
multipolar decomposition as above are suggested for physical proofs.

In Chapter 4, a metasurface platform that can decide scattering direction
into transmission and reflection by polarization is presented. The designed
phase gradient is utilized to flip the transmissive operation into reflection,
which becomes possible using the special critical angle condition when
normally incident light impinges to meta-atom. Linearly birefringent
nanopillars enable two independent phase values with an arbitrary
polarization pair. Interleaving two nanopillars in a unit cell makes it possible
to realize polarization-selective space control: in contrast to the conventional
interleaved metasurface, where each meta-atom operates separately, the
operation of a metasurface is determined by its gradient. Three samples were
fabricated and measured based on the proposed scheme, and they are
distinguished by their operational polarization pair: linear, circular and
elliptical polarization.

To avoid confusion while discrimination of proposed studies, the
illustration is shown in Fig. 1.4. It shows the structural unit of each study that

possesses the ability of phase modulation at transmission and reflection
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spaces. The corresponded operation is also depicted with input light condition,
showing the differences in point by point. In short, the metasurface in Chapter
2 operates in only one selected circular polarization for simultaneous phase
control at full-space, and Chapter 3 works by circularly polarization pair to
realize both simultaneous phase control and space conversion together.
Platform in Chapter 4 can function normally by arbitrary polarization pair
changed user’s choice and by polarization change, the light proceeding
direction can be tuned, which is like polarizing beam splitter (PBS). Note that
their function is still preserved despite the reduction to the structural unit,

which is a primary advantage of proposed metasurfaces.
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Chapter 2 Simultaneous full-space
visible light control

2.1 Introduction

In electromagnetism, multipole expansion has revealed that all kinds of
charge distributions in nature can be described as superposition of various
eigenmodes, including electric and magnetic modes [50, 51]. Among the
various properties of the modes, one of the representative physics is that
electric and magnetic modes have distinct parity in terms of optical phase
symmetry in transmission and reflection spaces. For example, electric dipole
(ED) mode radiation has even parity, so that scattered wavefronts have the
same phase values in both front and rear spaces. On the other hand, magnetic
dipole (MD) mode radiation has odd parity, so the radiated lights at forward
scattering and backward scattering are out-of-phase [52]. This parity rules are

related to backscattering intensity expression by Mie scattering coefficients
2
an and by of order n, ‘z:ﬂ(Zn +1)(-1)" (b, —aa)| , which also indicates the

phase symmetric nature changes at every expansion order. Based on this
parity, zero backward scattering is achievable under the condition that electric
permittivity and magnetic permeability of the scattering body are equal to
each other [50, 52]. This effect is dubbed as Kerker effect, known to be due
to destructive interference of the electric and magnetic mode radiation in the
reflection space, which stems from various expansion orders of Mie scattering

coefficients [50, 52-54].
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Recently, thanks to widespread attention of metamaterials in
nanophotonics, the scattering radiation patterns including abovementioned
multipolar phase effects are utilized for various optical or physical
applications [55-59]. For extended functionalities with respect to radiating
pattern and corresponding efficiency to desired direction, generalized Kerker
effect is exerting its influence as one of the important methods in the field of
metaoptics. For instance, by overlapping ED and MD mode with identical
value, Huygens’ metasurface is proposed to suppress backward radiation,
leading to high transmission efficiency [59]. Further interference of multipole
mode radiations also enables directive radiation to reflection space, such as
perfect magnetic mirrors as well [57]. By fine-tuning of the phase and
amplitude ratio of each multipole mode, polarization-control metasurface,
high-order diffraction control, and even directive dispersive device have been
implemented so far [60-62].

Previously, full-space control has been studied as one of the significant
metasurface researches; transmission—reflection integrated bifunctional and
trifunctional metasurfaces were demonstrated by multilayered structure
which operates in gigahertz range [37, 47]. However, this more-than-one
function device demands additional degrees of freedom in terms of design, so
that the meta-atom should have large dimensions as well as subsidiary layered
structure. Therefore, the difficulty in fabrication makes hard to accomplish
scaling down of this scheme to visible region. Here, we propose a simply
constructed single-layer metasurface that can control optical phase in full-
space, which refers to simultaneous wavefront control at reflection and

transmission through imparting distinct phase values. For the desired phase
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difference between transmission and reflection, the amplitudes and phases of
the multipole expansion modes excited in the meta-atom are adjusted,
respectively. Each mode is divided into even parity and odd parity, and an
adequate superposition is arbitrarily created into achieving desired phase
difference. Consequently, as far as we know, full-space control scheme at

visible light is demonstrated with metasurface for the first time.
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2.2 Metasurface design

2.2.1 Design strategy and numerically calculated results

(a) Kerker effect

ED MD Zero
(even parity)  (odd parity) backscatter

OO
L
N
-

IEeven |= |Eodd|
(b) Generalized Kerker effect

ED+MQ+.. MD+EQ+.. Arbitrary
(even parity)  (odd parity) phase difference

‘ 9,

OO0
D

|Eeven| # |Eodd|

Figure 2.1 Diagram showing Kerker effect. (a) When the ED mode and MD mode
exist with equal magnitude, it is possible to generate a scattering source that has no
backscattering. That stems from the disparity of phase symmetry of each mode: ED
has even parity, and MD has odd parity. (b) Generalized Kerker effect as the
proposed scheme in this paper. If it is possible to generate arbitrary values for even
and odd parity, it contributes to modulation of phase difference between transmission
and reflection spaces.

For implementation of full-space modulation of light at visible region, a novel
proposition for manipulation of transmission and reflection coefficient is

essential. To do this, generalized Kerker effect is exploited as a means of
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metadevice design (see Fig. 2.1) [52]. In common, Kerker effect refers to the
condition of zero backward scattering, which can be achieved when the ED
mode as the representative of even parity (Eeven) and MD mode as odd parity
(Eodd) have the same complex values, as shown in Fig. 2.1a [51]. Likewise,
as shown in Fig. 2.1b, when the Eeven and Eodq are designed to have distinct
amplitude and phase value, arbitrary phase value difference at transmission
and reflection can be provided. Therefore, this shows that if it is possible to
manipulate scattered multipolar modes as desired, unconstrained
manipulation of transmission and reflection coefficients is achievable,
including asymmetric radiation direction control and achieving distinct phase
difference between both spaces. Due to orthogonality of vector spherical
harmonics, far-field radiated distribution of scattered light from one meta-
atom can be projected to ED and MD radiations, and higher-order radiations,
such as electric and magnetic quadrupole or octupole mode radiation [51].
These multipolar mode radiations have different phase symmetric natures and
distinct contributions to amplitude or scattering cross section [52]. That is,
after examining how these values affect the actual transmission or reflection
coefficient, the desired phase difference can be achieved through appropriate
adjustment of the values. Note that the polarization considered is cross-
polarization, which makes expression of transmission and reflection

coefficients different as written below,
t = Eeven (Z) + Eodd (Z), (21)
r= Eeven (Z) - Eodd (Z), (22)

where Eeven is composed of the linear combination of even parity modes of

scattered light, such as ED, magnetic quadrupole (MQ), and electric octupole
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(EO), while Eoda consists of odd parities like MD, electric quadrupole (EQ),
magnetic octupole (MO), etc. Plus, the multipolar coefficients via
decomposition, which can be calculated through induced current density
distribution or far-field radiation pattern, offer portions of each mode in
transmitted and reflected amplitude. Here, the analytic method to retrieve
multipolar coefficients is introduced. At first, note that the arbitrary radiation
can be expressed by sum of the vector spherical harmonics X (normalized
form) thanks to their orthogonality, where | and m demotes the azimuthal and
magnetic quantum numbers of harmonics.™ Vector spherical harmonics have
complex values, and have interesting characteristics: they have inversion
behavior under spatial inversion, and this feature is divided into two, one is
odd parity and the other even parity in terms of phase symmetry. For arbitrary
scattered field E, multipolar expansion (or decomposition) is expressed as

below,

o0

E(r.0,4)=> le i' 72 1 (l'(’ M) ¢« gh® (k) Xom (6, )3 3

+aw (I, m)h® (kr) Xin (6, #)],

where r, 6, ¢ are parameters of a spherical coordinate system, and h'" is

spherical Hankel function of the first kind, and k is the wavenumber. Here,
the multipole coefficients consist of two kinds: one is ag for electric modes
and the other is am for magnetic modes. In eq. (2.3), the field made by ae at
I=1 is called ED mode, and for 1=2, EQ mode. Likewise, the field made by
am is also called MD mode. As abovementioned, these multipole modes
generated by each coefficient have phase symmetry determined by order I.

For example, field by ag has even parity when I is an odd number, and odd
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parity when | is an even number. On the other hand, field by am has odd parity
when | is an odd number, and even parity when I is an odd number. From this
nature, definition of Eeven and Eoqd referring to the phase parity is made.™ For
multipolar decomposition, obtaining as and am is not an option, so from
induced current density it is calculated from silicon nanopillar by referring to
previous studies [61, 63]. And from eq. (2.3), we calculate the effective
amplitude of each mode, considering one polarization which is affected by
PB phase. Since we only consider the normal incidence, polar angle and
azimuthal angle are set to zero, then desired polarization is extracted. For this,
ae and awm are calculated twice at incident polarization of x- and y-polarized
light. Cross-polarized component which is affected by PB phase can be
expressed through scattering parameters by x- or y-polarized light incident as
t«—ty or r—ry. For instance, when x-polarized light is matter of interest, Ey
from E(r, 6, ¢) is effective tx with condition of kr>>1, #=0, and $=0. Likewise,
y-polarized transmission ty is E, effectively. These can be expressed from eq.

(2.3) like below,

Ex,electric =—ae (l , m) %g(rhfl)(kr)){XI,m (9 = 0, ¢ = O)}¢,

Eycectic = @ (1, M) %g(rhf” (k) {Xin(6=0,4 =0}y,

Exmagnetic = an (I,m)N® (k){Xim(0 =0, 4 =0)}s,
Ey.magnetic = am (1, m)h® (kr){Xim (0 =0, ¢ =0)},. (2.4)
The simplified form with polarization can be derived from above,
Ee(l) =2 +D){i[ac (I,-2) —ae (I, )]« —[a= (1,-1) +a= (1,2)],},

Ew (1) = (2 +D){-i[am (1, -1 + aw (1, )] +[aw (1, D —au (,D],}, (2.5)
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where subscripts x and y are for incident polarization direction. After
acquisition of desired phase difference between transmission and reflection
spaces, horizontal movement for covering independent phase control is

enabled via Pancharatham—Berry (PB) phase method, which assign the same

phase retardation to transmission («t) and reflection («r) space. PB phase

provides the phase delay which depends on the rotation angle of structure and

affects only the cross-polarized component in condition of circularly

polarized light incident. Hence, this makes the phase difference A¢ = 2r —«t

stationary for cross-polarized light. Thanks to the rotation angle dependence
of PB phase, 2n coverage comes feasible with constant phase difference
between spaces. Thus, this indicates that when the difference 4¢ is adjustable
as desired, the phases of the transmitted and reflected lights can be modulated
independently.

2.2.2 Determined structure and numerical demonstration

Figure 2.2 Schematic diagram showing building blocks. It is composed of
amorphous silicon nanopillar array fabricated on commercial quartz wafer. Lower
diagram shows structural parameter of meta-atom as well as the simulation space
used when obtaining phase difference value.

As a building block, amorphous silicon nanopillar with spatially distinct

structural parameters is distributed by square periodicity (Fig. 2.2). Proposed
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device is designed to operate at visible wavelength of 660 nm. Here, pixel
pitch is chosen as 400 nm in order for suppressing unwanted high diffraction
order components. Each nanopillar is capped with oxide layer, which is used
as etch mask during fabrication. This oxide layer can be removed by using
buffered oxide etchant, and barely affects functionality regardless of its
existence. This layer is regarded to have thickness (hy) fixed at 90 nm
considering the fabrication recipe, while nanopillar thickness (h1) is 250 nm
that is intended thickness. Fig. 2.2 also shows the three spatially varying
structural parameters for each: wi, wz, and in-plane rotation angle 6. As
abovementioned, in order for desired phase difference A¢, the structural
parameters w1 and wz of silicon nanopillars should be variant values for
additional degrees of freedom on design. These variable structural parameters
wi and w» serve to alter the contribution of excited modes in nanopillar, and
this, in turn, changes the occupation of each multipolar mode at radiation. In
short, the rotation angle corresponds to the phase coverage and varying wi
and w. contribute to maneuvering the values Eem(l) of eq. (2.5), to obtain
desired phase difference A¢. Firstly, for analytic verification of multipolar
decomposition, a set of four structure parameters, designated with index from
1 to 4, is selected to cover 0 to 2x phase difference with equal difference n/2:
W1 is 265, 220, 300, 295 nm, and w- is 60, 110, 85, 60 nm, each. These values
are calculated by a commercial numerical analysis tool of finite element
method, COMSOL Multiphysics 5.3a. This is simulated in Floquet boundary
condition. It is notable that for calculation of multipole coefficients, induced
current density which radiates spheric harmonic modes is required, so that the

simulation space is switched to have spheric shape as blue triangle, shown in
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Induced current density (a.u.)

J

Figure 2.3 (a) The simulation space used for multipolar decomposition (b) Colored
map and black arrows expressing induced current density for four selected
parameters. Left four blue plots show current density when x-polarized light is
incident while right reds are resulted from y-polarized light incidence. Scale bar: 100
nm

Fig. 2.3a. After acquiring the induced current density as shown in Fig. 2.3b,
each field portion of multipolar components is calculated, depicted by bar
graph in Fig. 2.4a. This shows that the mode distributions vary depending on
dimensions, which enables to control Egm(l) to some extent. Next, the
effective efficiency from the multipolar modes is expressed by phase
symmetry parity, as shown in Fig. 2.4b. When the phase difference is 0 (index
1), the even parity shows predominant value. As the phase difference
approaches to m (index 3), the odd parity becomes dominant. In contrast,
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Figure 2.4 (a) Effective amplitudes by bar graph, which denote contributions of each
multipole mode with | being less than three. (b) Bar graph shows effective efficiency,
which is calculated by adding each mode by parity, then squaring. (c) Complex plane
showing Eeven, Eodd, transmission and reflection coefficients expressed by colored
arrows.

when the phase difference is +n/2, their contributions to efficiency do not
show any intuitive ease. For intuitive and detailed result, the complex plane
is also shown with arrow graph denoting Eeven, Eodd, transmission and

reflection, as shown in Fig. 2.4c. Finally, from the results of egs. (2.1) and
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Figure 2.5 Dot graph showing phase difference value calculated by numerical result
(red circle) and multipole expansion (blue triangle).
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«t(rad) «t(rad)

Figure 2.6 Colored map showing structural parameters of a) wi, b) w, and c) 8 of
which meta-atom imparts desired phases to transmission and reflection spaces.
Structural parameters are calculated numerically in periodic boundary condition
when right CP wave is incident from bottom of the structure. As an example, for
desired phase of 4 and 2 rad each at transmission and reflection spaces, a structural
parameter set of (230 nm, 115 nm, 165°) is obtained by the same positions on these
three graphs (marked with gray diamonds).

(2.2), the phase differences can be obtained, which can be seen in Fig. 2.5. It
can be seen that the analytically obtained phase differences are almost the
same as the phase differences obtained by numerical results. There is a slight
difference due to higher-order terms as well as the different simulation space
that is used in each case. As such, it is possible to derive the desired phase
difference by calculating how much the multipolar expansion order affects
the cross-polarization component.

From abovementioned method, two methods for lookup table of
structural parameters are suggested. First, the results shown in Fig. 2.6a— are
structural parameter sets that cover the full phase at both spaces
independently. For acquisition of these graphs, cross-polarized transmission
and reflection in circularly polarized (CP) light incident condition are firstly

calculated while changing wi, wz, and 6. Next, from these aggregated data
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Figure 2.7 Line graph denoting structural parameters with respect to phase
difference of transmission and reflection.

table, the parameter set (w1, wz, 6) is obtained having the minimum error value,
E= %‘[(t(VVl,Wz,e) _Ctejlt)/CtejA]z +[(r (W, Wa, 0) _Crejzr)/crejzr]z‘
(2.6)

with «t and zr varying from 0 to 2. Cr and C; are pre-desired amplitude

values, which are properly selected as 0.36 and 0.45, respectively, for high
efficiency within minimum error. Note that C, and C; are chosen to have
efficiency of 10% and 20% at reflection and transmission space, respectively,
and the values are also chosen as ones close to the calculated average
efficiency of structural parameter set, which are 12.8% and 12.1%, each. Here,
note that the wy and w> are set to meet the condition of wi>w». As second
method, apart from the lookup table result of Fig. 2.6a-c, the desired phase of
transmission and reflection can also be obtained following: First, if phases of
a, b for transmission and reflection is required, w1 and w» is determined by
the graph of Fig. 2.7. Fig. 2.7 can also be acquired from eq. 2.6, having one
difference of decrease in calculation load. Then, the 6 is rotated until reaching

a and b. From these mapped values, the phase imparting to both spaces as
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desired is achieved through proposed metasurface. It is also notable
mentioning that this metasurface only operates at one polarization state, either
right-handed circularly polarized light or left-handed. Additionally, from
selected parameters which are same as abovementioned indexed parameters,
the transmission and reflection spectra are also calculated to present spectral
characteristic of the proposed scheme (Fig. 2.8a—d), of which structures are
indices of Fig. 2.3. In addition, it is notable that the proposed structure only
operates in narrow band near target wavelength of 660 nm due to the

dispersive nature of phase difference value, as shown in Fig. 2.8e.
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Figure 2.8 Dispersive characteristics of selected meta-atoms. (a—d) Transmission
and reflection spectra of conversion efficiency for selected parameters of dashed
squares from above graphs. Here conversion efficiency stands for the cross-
polarized components scattered by incident CP wave. Inset shows the top view of
the structures. Red and blue circles are conversion efficiency of transmission and
reflection in target wavelength. (e) Phase difference between transmitted and
reflecte light for four selected parameters. Gray vertical line is located at 660 nm,
showing identical phase difference.
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2.3 Experimental demonstration
2.3.1 Experimental setup and fabrication
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Figure 2.9 Fabrication process with simplified explanation

As explained in the previous section, the proposed metasurface enables to
realize any kind of flat optics controlling both transmission and reflection
simultaneously. In this article, we propose two applications as examples to
experimentally verify the functionality of the proposed structure: one is for
generalized refraction and reflection law, and the other is 3D holograms with
distinct holographic images according to the transmission or reflection mode.
By the virtue of simple structure of proposed metasurfaces, they are fabricated
by conventional nanofabrication method. In detail, the device used in

experiments was fabricated on quartz wafer substrate by standard electron
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Figure 2.10 Measurement setup for proposed metasurface. (a) 2-f setup for

capturing beam deflection images (b) 4-f setup for holographic image retrieval. Pol:

polarizer (circular) BS: beam splitter, MS: metasurface, CCD: charge coupled

device

beam lithography process. At first, the silicon oxide of 100 nm and the
following amorphous silicon of 250 nm were deposited using PECVD
(Applied Materials P5000, OEM Group) based on SiHs and helium. Next, a
single-layer negative-tone resist hydrogen silsesquioxane (HSQ, XR-1541-
006, Dow Corning) was spun on sample at rotation speed of 4000 rpm, then
post-baked for 4 min at 80 °C. This resulted in oxide layer of about 110 nm.

Nanopatterning was performed with commercial electron beam lithography
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system (JBX-6300FS, JEOL) at 100 kV condition. Exposed sample was
developed using tetramethylammonium hydroxide solution (TMAH 25 wt%
in H20, Sigma Aldrich) for 30 seconds, and then rinsed in flowing water for
15 seconds. Finally, sample was etched via inductively coupled plasma —
reactive ion etching (ICP-RIE) tool to get the final device. The process is
briefly shown in Fig. 2.9. All samples used in experiments were fabricated
with same dimension of 160 x 160 pm?. Experimental measurements were
conducted with charge-coupled device (CCD) sensor and commercial 660 nm
laser and the setup is illustrated in Fig. 2.10. To mention in advance,
experimental verification of the two methods was conducted, and accordingly,
both the 2-f (2.10a) and 4-f (2.10b) systems were schematically illustrated.
Unlike conventional metasurface devices, it requires two times of

measurements, which are carried out in transmission and reflection space.
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2.3.2 Asymmetric beam deflection
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Figure 2.11 Conceptual illustration of the first device which deflects transmitted
wave into +y-direction, while it sends reflected one to +x-direction. (b) Fabrication
result for the first deflection device. Scale bar: 400 nm

As the first example, asymmetric beam deflection is demonstrated. Unlike
conventional metasurface, the proposed metasurface enables the output beam
to have distinct propagating directions to both spaces. This can be achieved
by imparting different phase gradient values to each space, which is possible
through independent phase control. Here, two samples are implemented to
experimentally verify this scheme. When the CP light is incident onto the
sample of Fig. 2.11a, the transmitted light deflects into +y-axis direction
while the reflected one bends to +x direction. For realization of this scheme,
the sample is designed via supercell structure which contains 6x6 meta-atoms,
as shown in Fig. 2.11a. Their structural parameter set can be found in Table
2.1 (w1), 2.2 (w2) and 2.3 (6). Considering the principle of generalized Snell’s
law, the deflection angle of each space is 15.96°, which is calculated by

asin(M/A), where A is wavelength of incident light (which is 660 nm) and A is

5 A &) a)
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Table 2.1 Mapped structural parameters of beam deflection case 1 for w;

X (nm) w; (nm)
y (nm) 0 400 800 1200 1600 2000
0 305 295 320 225 220 260
400 295 265 225 335 260 310
800 305 225 220 260 300 300
1200 225 220 260 305 295 320
1600 335 260 310 295 265 225
2000 260 300 300 305 225 220
Table 2.2 Mapped structural parameters of beam deflection case 1 for w,
X (nm) w, (Nm)
y (hm) 0 400 800 1200 1600 2000
0 60 75 85 115 60 60
400 70 175 115 160 60 60
800 80 115 60 60 60 75
1200 115 60 60 60 75 85
1600 160 60 60 70 175 115
2000 60 60 75 80 115 60
Table 2.3 Mapped structural parameters of beam deflection case 1 for 6
X (nm) 0 (deg)
y (hm) 0 400 800 1200 1600 2000
0 165 30 90 30 115 140
400 170 65 0 90 110 135
800 10 150 55 80 105 145
1200 120 25 50 75 120 0
1600 0 20 45 80 155 90
2000 170 15 55 100 60 145
Table 2.4 Mapped structural parameters of beam deflection case 2
(n’:n) 0 | 400 [ 800 | 1200 [ 1600 [ 2000 [ 2400 | 2800 | 3200 | 3600 | 4000 | 4400
(r‘]”r;) 305 | 300 | 225 | 225 | 310 | 295 | 225 | 225 | 300 | 310 | 225 | 225
W 60 | 75 [ 115 | 60 | 60 | 80 | 115 | 60 [ 60 | 8 | 115 | 60
(nm)
0 165 | 15 | 150 | 35 | 45 [ 80 | 30 [ 95 | 105 [ 160 | 90 [ 155
(deg)
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Figure 2.12 (a, b) Experimental result showing intensity captured by CCD camera
as well as the line graph expressing the intensity value of desired diffraction orders.

periodicity of supercell structure that possesses 2r phase gradient. It is notable
that any supercell structure that has two phase gradient values for
transmission and reflection spaces can be made with proposed scheme, such
as3x 3or9x 9aswell. After fabricating the sample (Fig. 2.11b), we captured
the Fourier transformed image using CCD camera in 2-f system, as shown in
Fig. 2.12a, b. Unwanted high diffraction order terms also exist at both spaces,
and they lead to lower extinction ratio of 4.49 and 8.85 dB each, which are
defined as desired signal (desired diffraction order) to noise (unwanted term
designed to appear at other side) ratio. These are intrinsically due to the

imperfect amplitude fluctuation at design phase and length parameter of

(a)

/ \

Figure 2.13 Conceptual diagram for the second device that induces the transmitted

wave direction into the first diffraction order and reflected wave to the minus

second diffraction order. (b) Fabricated second device sample. Scale bar: 800 nm.
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Figure 2.14 Experimental result showing intensity captured by CCD camera as well
as the line graph expressing the intensity value of desired diffraction orders and
unwanted one together. (a) is captured in transmission space, and (b) is in reflection
space.

sample from numerical simulation, which stems from fabrication error.
Another unprecedented function is imparting phase gradient of opposite sign
and dissimilar value to both spaces, presented in Fig. 2.13a. Here, the
deflection angles are determined like abovementioned as 7.903° and —15.96°
for transmission and reflection space, respectively. This sample consists of
1D supercell of 12 meta-atoms, deflecting transmitted light into the first
diffraction order while reflected light into the minus second diffraction order.
Like above device, this is fabricated and shown in Fig. 2.13b. The structural
parameters are shown in Table 2.4 as above. The transmitted and reflected
amplitudes are detected by CCD camera as shown in Fig. 2.14a, b, showing
extinction ratio of 6.33 and 6.81 dB, respectively. The zeroth order portions

found in both samples attribute to the finite extinction ratio of the polarizer

used in our measurement setup.
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2.3.3 Asymmetric hologram generation

e
L 2

Z (um)

Figure 2.15 Illustrations of Fresnel-type hologram generation via proposed
metasurface. It shows the operation of hologram generating device possessing two
faces.

As a second category, the proposed metasurface is implemented to generate
Fresnel-type holograms with different depth perceptions in both spaces. As
shown in Fig. 2.15, the device is designed to reproduce eight different
alphabet letters with respect to the z-axis and viewing direction. We designed
computer-generated hologram (CGH) assuming normal incidence of right
circularly polarized plane wave. The phase profile used here was obtained
through angular spectrum method (ASM), which is a method based
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Figure 2.16 (a) Phase profile of each face obtained by ASM. (b) Fabricated sample
captured in CCD. Scale bar: 400 nm.
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Figure 2.17 Amplitude profile of (a) transmission and (b) reflection space. Upper
eight images are numerical results by ASM, while lower eight images are captured
by CCD camera. Scale bar: 30 um
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on the diffraction optics for obtaining diffracted light field [13]. ASM is
repeated four times per one phase profile for a letter, and adding these four
profiles results in one profile. The resulting phase profile at both faces is
shown in Fig. 2.16a. By mapping phase profile to parameter set, the images
of the fabricated sample are shown in Fig. 2.16b. Interestingly, because of the
way the hologram is generated through the virtual image, one can see that
different letters are displayed when we focus on the same spot on both sides.
This is one of possible functionalities that cannot be produced through

conventional holographic devices including spatial light modulators and
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metasurfaces. The hologram conversion efficiency is calculated by ASM
using the amplitude and phase value which are retrieved by Fig. 2.6.
Hologram conversion efficiency is obtained by four planes, calculated with 7
= Pn/Pj, where Py is power from hologram and P;j is incident power of light.
The determined value is shown in Table 1. Experimental result has lower
conversion efficiency in comparison with numerical result. For observing of
holographic images, the modified microscopy setup was employed to see
holographic images on both transmission and reflection (Refer to Fig. 2.10b).
We captured the holographic images through a CCD camera with an objective
lens and a tube lens by adjusting the z position of the device. Experimental
and numerical results are depicted together in Fig. 2.17. For numerical results,
ASM is used again for acquisition of the hologram. Specifically, from the
phase profile at the origin point (z = 0 pm) shown in Fig. 2.16a, the amplitude
profile is calculated at the desired position, z =—30, —15, 15, 30 um. In the
case of transmission-type, the experimental results are reproduced at almost
the same level as the numerical result. The letters on the reflection side are
reproduced at a good level, but the letters of the transmission side are visible
with some noise. This appears to be due to the imperfect polarization filtering

of the hologram on the reflection side.

Table 2.5 Hologram conversion efficiency (unit: %) calculated from numerical
result.

z (um) -30 -15 15 30
Reflection 8.84 9.79 9.85 8.93
Hologram
Letter E F G H
conversion
efficiency (%) Transmission 14.2 15.6 16.1 14.6
Letter D C B A
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2.4 Conclusion

In this article, the simple-structured silicon metasurface is reported for the
simultaneous full-space control of light for visible wavelength. For
independent phase control at each space, the concept of generalized Kerker
effect is proposed, and this is verified both analytically and numerically
together. Here, simple structure of amorphous silicon nanopillar is adopted as
meta-atom, which has merits of well-known nanofabrication feasibility. The
proposed scheme is tested by experimental result, applied in asymmetric
beam deflection as well as hologram generation. Thanks to versatility of
proposed metasurface, the generalized Snell’s law is extended to transmission
and reflection together, allowing phase gradient values. Hologram generation
is also demonstrated, reinforcing its ability to be employed in further optic
applications. The metasurface research is paving its way to consumer
electronics and commercial optics applications such as biomedical imaging
or augmented reality platform. Researchers are using the metasurface in a way
that replaces one part of the bulk optics to keep up with this trend [64]. In this
context, considering the versatile nature of proposed method to control both
spaces, the scheme presented in this article can be advantageous in further

miniaturization and advance in light-weight future devices.
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Chapter 3 Polarization dependent space
conversion with L-shaped meta-atom

3.1 Introduction

As mentioned above, most of metasurfaces for full-space control have been
proposed on frequency regime of terahertz and gigahertz, and due to their
structural characteristics of stacked metallic design, applying them to optical
frequency seems to have still long way to go [14, 36, 37, 42, 47]. Some design
for full-space control for optical frequency has been proposed, but they are
mostly devised for specific purposes [46, 49]. Also, metasurfaces as depicted
in Chapter 2, which can control the transmission and reflection independently
in optical frequency, have been proposed as a multifunctional full-space
wavefront manipulator. However, full-space control metasurfaces including
Chapter 2 lack in versatility that most of conventional metasurfaces possess
thanks to their polarization dependent functionality, compared to the powerful
and multifunctional counterpart designed at terahertz and gigahertz frequency.
In this chapter, for extending versatility of full-space metasurface, we
proposed a novel metasurface platform. It is composed of the periodically
arranged L-shaped meta-atoms (LSMASs) of which the cross-polarized
components when circularly polarized light shines go out alternatively into
transmission or reflection spaces by the handedness of polarization state.
Phase is encoded using PB phase, which is determined by the in-plane
rotation angle of the meta-atom. Here, to control the phase of transmission
and reflection space independently by the handedness of circular polarization,

the spatial multiplexing method is employed, which is typical way to append
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the freedom on metasurface design. We employed Jones matrix and
multipolar decomposition method to reveal the inherited physics of LSMA.
For experimental demonstration of proposed scheme, two types of samples
are fabricated: One is for holographic image generation, and the other is for
asymmetric beam deflection. We expect that this research will contribute to
the development of new types of optical devices, especially in fields that

require new form factors thanks to its polarization-dependent nature.
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3.2 L-shaped meta-atom for space conversion

When the arbitrary meta-atoms interact with incident light, their light-matter

interaction can be expressed by Jones calculus as follows:[65]

! o

where the Jones matrix is substituted for polarizing output characteristics of
reflection or transmission of meta-atom, and the relation between incident
wave (ix iy)" and transmitted (or reflected) wave (ox oy)" is demonstrated by
matrix calculus. Note that two ABCD matrices exist per one meta-atom, and
one of them is for transmission and the other is reflection. The shape and
dimension of meta-atom determine the entries of the Jones matrix, A, B, C
and D. For example, the meta-atom shaped of rectangular pillar lets the Jones
matrix become diagonal matrix, which is chiefly selected meta-atom for
polarization selectivity or generation of PB phase. Using Jones calculus
makes the analysis of rotating effect of the meta-atom obvious, and this

derivation also reveals the PB phase expression:

oJeame o)

_1{ A+D+i(B-C) [A-D-i(B+C)le* (n]
~2{[A-D+i(B+C)e’”  A+D-i(B-C) Jli )

(3.2)

where subscripts + and — stand for the handedness direction of the circular
basis: With linear basis expression, +is (1i)", and —is (1 —i)". It is noteworthy
mentioning that + polarized light is left-handed circularly polarized (LCP)
light in transmission, but it becomes right-handed polarized (RCP) light when
viewed from the direction of reflection. Here for convenience when
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considering polarization taken effects by PB phase, the notation of + and —
polarized light rather than RCP or LCP is preferred. A is basis change matrix

from linear to circular basis, and Ry is the rotation matrix with respect to angle

6 written as:
A 1(1 1 (3.3)
2l i) '
cosd -—sind
R,=| . : (3.4)
sind cosé@

By eq. (3.2), two points are inferred: First, the handedness of circular
polarization determines the sign of the PB phase. Second, B and C contribute
to the amplitude disparity between cross-polarized components in circular
basis. The first fact has been employed by many groups to build polarization
contrast for increasing information capacity of phase modulation
metasurfaces, but hardly was the second one. In this paper, we use the LSMA
as structural unit which has non-zero B and C, and it, as discussed later, plays

a vital role for desired scheme.

FT

bBP

Figure 3.1 Schematic diagram showing operation of single LSMA and its structural
parameters
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Next with Jones calculus, the reason for harnessing LSMA is elaborated.
The schematic illustration and performance of LSMA is shown in Fig. 3.1.
Obviously, the shape of LSMA itself accounts for the entries of Jones matrix.
Since LSMA consists of two arms of different lengths (I:>l2), this makes the
difference of A and D, which are co-polarized components of scattered light.
B and C have same value, which is related to the mirror symmetry with respect
to the z axis. [65] Finally, LSMA has total three independent complex
elements determined by geometric parameters of itself. Putting this into eq.
3.2 provides the expression:

(qj:l( A+p | (A—D—2iB)e"29jC+]l 35)
0 ) 2|\ (A-D+2iB)e’* A+D i

Therefore, using LSMA makes two cross-polarized components differ. Here,
the specific condition that A — D equals 2iB or —2iB, which lets one of cross-
polarized components becomes zero, is employed. Here, we assume A — D
equals —2iB, where the incident — polarized (RCP) light makes high
transmission of cross-polarized light while incident + polarized (LCP) light
destructively interferes to make zero cross-polarized transmission. At the
same time, this design criterion can be extended to reflection as well: the
structural parameters are fine-tuned to achieve A — D = 2iB. So that in terms
of reflection, the inversed relation is realized. That is, the incident + polarized
light makes high reflection in cross-polarized component, and — polarized
light seldom produces cross-polarized reflection. As a result, if only cross-
polarized components from LSMA are considered, forward scattering by —
polarized light and backward scattering by + polarization are desired. It can

be also understood by the energy conservation: Since the co-polarized
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Figure 3.2 Schematic diagram showing one example of LSMA and its enantiomeric
counterpart. Lower two field distributions show when x-polarized wave is used as
excitation source. Black arrows show the vector expression of induced current
distribution. Scale bar: 100 nm

components in transmission and reflection remain unchanged by handedness,
the contrast in cross-polarized transmission shall directly affects cross-
polarized reflection through opposite sign. Of course, the maximized cross-
polarized transmission does not guarantee the almost zero cross-polarized
reflection, so optimizing geometric parameter should be accompanied. In
short, if the components having PB phase are regarded as signal, its direction
will be determined according to the handedness of input circular polarization.
Note that polarization-dependent full-space control is achieved, however,
single LSMA itself cannot convey independent phase values into
transmission and reflection spaces as long as the imparted PB phases are kept
the same.

To employ LSMA to devise independent phase control at full-space, the
enantiomeric counterpart is introduced. When the x-polarized light excites the
modes that contribute to the radiation into transmission or reflection, y-
polarized components such as Tyx or Ryx (B in eq. (3.1)) will be the result of

modes excited at y-directed arm. Since the enantiomeric counterpart has the
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same dimension and only differs in the x-position of y-directed arms, the
current value of y-direction becomes the opposite sign compared to original
LSMA, as shown with yellow arrows in Fig. 3.2. How the induced current is
distributed proves this fact as well. Using finite element method (COMSOL
Multiphysics 5.5), the in-plane components (Jy, J;, Hx) across y-z cross-
section of LSMA are computed at 633 nm of wavelength through arbitrary
LSMA, when x-polarized light is illuminated. The results shows that they
have spatially same distribution with opposite sign. Since the induced current
takes effects on B, the B (cross-polarized component in linear polarization
basis) of enantiomeric counterpart will have same relationship with induced
current, and this, in turn, makes the relation of cross-polarized components in
circular basis reversed according to eq. (3.5). That is, the cross-polarized
components by + polarized light mostly proceed in the transmission space,
and those by — polarized light are mostly reflected. It can be explained by

schematic illustration as shown in Fig. 3.3a. Here, one can picture putting

o728 0J26 (b) eJ29 e/?0

> |- - pt

) Y

Figure 3.3 Schematic diagram for explanation of the role of LSMA (a) Comparison
of a LSMA and its enantiomeric counterpart. Scattered light in red color is the
resultant light from + polarized light, while blue colors are scattered light when —
polarized light is illuminated. (b) Interleaved case and its corresponded operation by
polarization. The phase by angle 6 (¢) is at transmission (reflection) space when +
polarized light is illuminating source and when it is changed to — polarization, the
phase by angle 8 (p) proceed to reflection (transmission) space.
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these two structures together to make unit cell (Fig. 3.3b). By virtue of the
method of interleaving, the use of PB phase by separate LSMAs makes
independent phase profiles. Since the influencing spaces are also irrelevant to
each other, the resultant performance becomes independent phase impartment
into full-space. Furthermore, when the handedness of incident circular
polarization changes, the proceeding direction of scattered light by each
LSMA can be altered, which is unprecedented scheme as far as we know with
even every frequency range considered. It is well illustrated in Fig. 3.3b, with
the point that their signs are flipped due to the nature of PB phase. Throughout
this chapter, we call this operation as the polarization dependent space
conversion, since the spaces having information expressed by phases are

conversed by the polarization.
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3.3 Simulation results
3.3.1 Determined parameters and multipole decomposition
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Figure 3.4 (a) Line plots showing cross-polarized component of transmission (left)
and reflection (right) spectrum altered by incident handedness of circular
polarization. (b) Extinction ratio spectra of transmission and reflection,
respectively. In terms of transmission, it is ratio of — to + polarization, while in
reflection, it is ratio of efficiency of cross-polarized light by + to — polarized light.
Shadowed region is marked for extinction ratio larger than 10 dB.

As mentioned above, the final LSMA should meet the condition of A—D =—
2iB for desired operation. First for excitation of the sufficient multiple modes
in the LSMA, the thickness h is chosen to 380 nm considering the target
wavelength (633 nm) and refractive index of composing material (a-Si:H).
Being aware of the fabrication, the LSMA is assumed to be on the quartz
wafer. The determined LSMA throughout this paper is l1: 300 nm, I2: 200 nm,
w1: 40 nm, w2: 70 nm, when pixel pitch P is 390 nm for suppressing unwanted
diffraction. The simulated conversion efficiency at transmission and
reflection varying the polarization is shown in Fig. 3.4a. The simulation space
is set to Floquet periodic condition, and the circularly polarized light is
incident from the quartz wafer part. At 633 nm marked by line in Fig. 3.4,
when the — (+) polarized light is illuminated, conversion efficiency at

transmission reaches to 45.1% (0.486%), while at reflection, 0.0386%
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(33.5%). The desired efficiency contrast is forming narrow bandwidth around
633 nm both at the transmission and reflection. For showing precise
bandwidth of operation of suggested LSMA, the extinction ratio (ER) in dB
scale is calculated in Fig. 3.4b. When the specific criterion is regarded that
the ER should be 10 dB at least and this condition should be met for
transmission and reflection simultaneously, the overall bandwidth is 52 nm
(600~652 nm). The wavelength of maximum ER varies at transmission and
reflection, which is 622 nm at transmission and 637 nm at reflection, reaching
24.5 dB and 40.5 dB, respectively.

Next for further insight to LSMA, the multipolar decomposition is
introduced. There are two reasons why the multipolar decomposition can be
exploited in desired scheme: First, the multipole coefficients, which are one
of the results that can be obtained from the multipolar decomposition, are
directly concerned with the output light from the scatterer. Second, each
multipole coefficient has even or odd phase symmetry with respect to the
forward and backscattering direction, which can show the excuses of
transmission and reflection contrasts by observation of contribution of each
coefficient to cross-polarized transmission and reflection. When the
contribution of each mode to scattered light is available, it can be well
summarized by followed equation.

t=E,, +E., (3.6)

even

r= Eeven - Eodd' (37)
In eq. (3.6) and (3.7), Eeven and Eoda correspond to the sum of the complex
amplitudes included in each parity mode. For example, electric dipole,

toroidal dipole, magnetic quadrupole and electric octupole mode belong to
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Figure 3.5 (a) Line plots showing absolute values of electric fields by each multipole
modes. Left (right) is the result when + (-) polarized light is used as excitation
source. (b) Complex plane expression of each multipole mode except for octupole
modes when the wavelength of source is 633 nm. The sum of modes having even
and odd parity each is also shown for clarity.

even parity, and magnetic dipole, electric quadrupole, toroidal quadrupole
and magnetic octupole mode to odd parity. Note that the transmission does
not include “1”, which is obligatory for representing background wave,
because the cross-polarized transmission is of interest. From eq. (3.6) and
(3.7), for suppressed reflection, Eeven and Eodd Should have same strength and
phase. On the other hand, when the zero transmission is desired, they should
possess out-of-phase characteristics. Therefore, using the formula suggested

in ref. [66], the radiated electric fields by each mode are retrieved for
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observing the contribution of multipolar modes to the transmission and
reflection. Here, same simulation condition as above except for the absence
of quartz substrate is employed for cancellation of the substrate effect. Since
the LSMA has thickness of the order of incident wavelength, high order
multipolar modes up to octupoles are calculated. Also, with the prediction
that L-shape can support substantial toroidal response, toroidal dipolar and
quadrupolar moments are considered during calculation.

When comparing two spectra distinguished by incident polarization, it
seems no difference near 633 nm in terms of their amplitudes, as shown in
Fig. 3.5a. The multipole modes show differences in resonant behavior in
terms of the amplitude and position of their resonant peak or dip. The
polarization sensitive responses can make the phase behavior of each
multipole vary. It is verified in Fig. 3.5b by the complex plane expression in
633 nm wavelength, showing the phase characteristics of each mode and the
summed value of Eeven and Eodqa. This diagram proves the fact that the
multipole modes are excited such that LSMA exhibits the desired scheme.
That is, Eeven and Eoqd have abovementioned relationship for suppressed
transmission and reflection at each incident condition. By their overwhelming
lengths, the magnetic dipolar (MD) and electric quadrupolar (EQ) mode are
dominant factors of Eoqd, and they have noteworthy polarization dependent
characteristics, they rotate by 90 degrees counterclockwise. In the case of
Eeven, although it does not possess noticeable elements, magnetic quadrupolar
(MQ), toroidal dipolar (TD) and electric dipolar (ED) mode have similar
contribution in both incident conditions. Their sum is sufficient to be

dominant element, and they have opposite polarization sensitive phase
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behavior compared to their counterparts: they rotate by 90 degrees clockwise.
Considering that in + polarized light incidence condition, the Eeven and —Eodd
are parallel to each other (zero transmission), the phase relationship of
abovementioned dominant modes makes Eeven and Eodqq parallel (zero
reflection) in — polarization. This phase relationship can be understandable by
detailed analysis performed by field distribution with respect to various

excitation sources, which is originally due to the structural nature of LSMA.
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3.3.2 Polarization-dependent phase behavior of LSMA

Here, the reason why this special phase behavior occurs is discussed. First,
the understanding of the characteristics of each multipole mode should be
preceded. For example, the calculation used in MD and EQ mode is nearly
same except for the z-directed current part of which the detailed expression is

shown as below,

_ 1 3
MD, _2—de r{zd, —xJ,] (3.8)

EQ,, =_ijd3r[x.lz +2.] (3.9)
12w

where the integration is performed in the LSMA, and ¢ and w are light speed
at vacuum and angular frequency, respectively. Note that in eg. (3.8) and (3.9),
the y-polarized MD (MDy) and x-polarized EQ (EQx.) are considered since
they contribute to the same outcoupled x-polarized wave. Therefore, their
phase relation altered by polarization is same. Also referring to the schematic

diagram (Fig. 3.6) showing the three-dimensional current distribution of MD
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Figure 3.6 Schematic diagram for clear understanding of four selected multipole
modes by the representative rectangular nanopillar. Note that the black arrows
indicate the desired induced current for outcoupled y-polarized wave at each
multipole modes. If necessary, in addition to the yz cross section, xy plane expression
is provided.
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and EQ, this characteristic is well revealed. Similarly, in the case of
components in Eeven, MQ and TD mode show similar tendency like MD and
EQ, as shown in Fig. 3.6. It is noteworthy mentioning that while the values
MD and EQ will differ a lot owing to the contribution of z-directed induced
current, MQ and TD will be nearly the same since the current distribution in
Xy cross section, which causes the difference between the two modes, will not
be sufficiently large due to narrow width of proposed LSMA.

Second, as polarization dependent magnitude difference is due to the
structural nature of LSMA, 2iB in eqg. (3.5), the corresponded component is
calculated for each mode of interest. In detail, using two orthogonal linearly
polarized waves as the excitation source, the multipolar decomposition is
executed again. For the result separated by each mode, in x-polarized light
incidence condition, we carry out the multipolar decomposition and the
contribution to outcoupled x- and y-polarized wave (Exx, Eyx) is computed, and
in y-polarized light, vice versa (Eyy, Exy). Note that Ex—Eyy can be considered

(@8 Magnetic dipole Electric quadrupole Magnetic quadrupole Toroidal dipole
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Figure 3.7 Complex plane expression of four dominant multipole modes (a)
Expression of the fields decomposed when linearly polarized wave is excitation
source. (b) Multipole modes that show the contribution to the cross-polarized terms
when circularly polarized light impinges, calculated from upper line result. The field
by the handedness of polarization is shown together.

52

gl



nothing to do with the change of the handedness of circular polarization,
while i(Exy+Eyx) is sensitive part which is directly related to the polarization
handedness. From the result in Fig. 3.7a, it is notable that for all considered
modes, the strength of Exx and Eyy is much greater than the Exy and Eyx.
Furthermore, for all four modes that the phase of the cross-polarized field (Exy,
Eyx) is delayed from that of the co-polarized field (Exx, Eyy). As shown in Fig.
3.7b, the calculated result of comparing the blue and red arrows that
corresponds to Exx—Eyy and i(Exy+Eyx) each shows the similar magnitudes for
all modes. When comparing their phase difference, it can be seen that the two
phase differences on the left and the other two phase differences are opposite.
One can think that the identical arm dimension of LSMA will result in zero
contribution of Ex—Eyy. As a result, it can be known that the distinct arm
dimension in LSMA induces polarization dependent behavior at each
multipole mode. To fulfill the condition of matching the complex value of A-
D and 2iB, the thickness of LSMA should be sufficiently thick to support high
order multipole mode such as MQ and TD mode to be comparable with MD
and EQ mode. It is also related to the separation of Eeven and Eodd, because

distinct phase behavior of each mode is necessary.
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3.4 Experimental demonstration
3.4.1 Unit cell determination

Figure 3.8 Representative SEM image with schematics shows the unit cell of the
structure. The yellow dotted rectangle is unit cell and repeated left and right and up
and down to form final device. Scale bar: 550 nm

For experimental verification, sample is fabricated using standard electron
beam lithography. As shown in Fig. 3.8, unit cell consists of two LSMAs,
which have an enantiomeric relationship with each other, and they are

arranged in a 45-degree inclined form, rather than a square arrangement, in

order to have the smallest period value, which is 551 (=~ 390\/§)nm. This
increases the expression range for the k-space of the resulting device. A total
number of 501 unit cells are arranged in one direction, resulting in a size of
approximately 276 x 276 pm?. The experimental setup is set as shown in the
Fig. 3.9, which is 2-f system devised to observe the Fourier domains of
transmission space and the reflection space according to different polarization
directions. The two lenses in front of the metasurface not only reduce the
beam width of the laser, but also help to Fourier transform the reflected

information by placing a beam splitter between the two lenses. Two types of
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Figure 3.9 Schematic illustration for the experimental demonstration of proposed
metasurface. Pol: polarizer, BS: beam splitter, MS: metasurface

samples are made for different purposes. One is a sample that can send
different holograms in each direction, and the other is made to have different
phase gradient values so that the scattered light at transmission and reflection
can vary. The second sample, especially, is for calculating the signal-to-noise
ratio (SNR) of proposed metasurface and comparing it with abovementioned
ER. The design of the given device was aimed at 633 nm, but the observed
wavelength range was specified from 500 to 700 nm in anticipation of a
fabrication error.

Notably, from the schematic illustration of Fig. 3.8, one can think that
the coupling from adjacent unit cell may result in the degradation of
performance, even giving rise to the failure of abovementioned principle of

LSMA. It is because in the form of spatially varied arrangement of LSMA,
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Figure 3.10 (a) schematic diagram showing electric field distribution varied by
incident light direction and rotation angle. (b) Reflection and transmission curve by
rotation angle of LSMA.

the adjacent LSMAs can be too close together, and this raises concerns that
two LSMASs may stick to each other. However, considering the pixel pitch
(=390 nm) and maximal length which LSMA can occupy at its most (= 366
nm), the uniting phenomenon cannot happen. Also, it is well-known that if
the field is confined in the meta-atom, the meta-atom operates like that it
exists in periodic arrangement regardless of rotation [29]. The Fig. 3.10a
shows the magnetic field distribution of LSMA when CP light is incident, and
most light field is concentrated on the meta-atom, not in the surroundings of
meta-atom. Furthermore, when the LSMA is rotated to 35° which is the
condition when LSMA is the closest to the adjacent structures, the operation
Is preserved, as shown in Fig. 3.10b. Even in other rotation angles, the LSMA
operates as expected. As a result, it can be said that the LSMA of the

determined parameters is proved to work well in any arrangement condition.

56



3.4.2 Hologram generation and beam deflection using LSMA

Fig. 3.11a schematically shows how the first sample works. When the
polarization direction of the shining light is selected as the + direction,
“ABCD” of uppercase letters and different sizes is observed in the
transmission space, and lowercase letters “abcd” is observed in the reflection
space. When the polarization direction is changed to orthogonal counterpart,
letters that have previously at the transmissive space moves to the reflection
space, and the characters in the reflection space are measured in the
transmission space. The Gerchberg-Saxon (GS) algorithm, a well-known

algorithm for computer generated hologram, is used to encode hologram

(a)

(pex) aseyq

Figure 3.11 Hologram generation using proposed metasurface. (a) Schematic
diagram showing operation of sample for hologram generation (b) Phase profiles
for “ABCD” (left) and “abcd” (right), respectively, retrieved by GS algorithm. (¢)
Experimental results using sample for hologram. Upper two images are from
transmission space, and lower two are from reflection spaces. White arrows
indicates the input polarization of incident light.
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profile on the designed metasurface, and the results can be seen in Fig. 3.11b.
The results measured at a wavelength of 633 nm through the experimental
setup described in Fig. 3.9 are shown in Fig. 3.11c. It shows that not only the
reproduced image changes according to the polarization, but also the position
at which it is reproduced, which show the desired operation of fabricated
device. Interestingly, the unintended images are reproduced together in the
form of noise, which seems due to the fabrication error. The strength of this
noise varies with the change of the wavelength being measured, as shown in
Fig. 3.12, which shows further results showing measured holographic images
according to the wavelengths.

The sample for beam deflecting sample is designed as follows: First, to

show the feature of proposed metasurface that is differentiated from the
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Figure 3.12 CCD-captured images varied by the wavelength of incident light.
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conventional metasurface, it makes the transmitted and reflected light
propagate to different direction, x- and y-direction, respectively. Note that it
is intended in + polarized light incidence condition, and like above sample,
this scheme is reversed by incident handedness. The deflection angle is
designed to be 20 degrees to both spaces when normal incidence condition,
Therefore, the angle is designed to differ by 53.6 degrees for each LSMA,

calculated by nPsin20°/1 by generalized Snell’s law. This operation is well

summarized in Fig. 3.13a, showing polarization dependent operation by color.

Like sample for holographic generation, the propagating direction of -y in

transmission space at RCP incidence (expressed by red color) is observed in
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Figure 3.13 (a) Schematic diagram showing the operation of the beam deflection
sample by proposed scheme. The polarization sensitive operation is shown by color
differentiation: when the source is LCP (RCP), it is blue (red). (b) SEM images of
fabricated sample. The LSMA and its enantiomeric counterpart show different
direction-dependent rotating property. Scale bar: 500 nm. (c) Line plot showing SNR
varied by wavelengths. Each plot graphs are retrieved in transmission and reflection
spaces, respectively. (d) CCD captured results distinguished by space and input
polarization. Upper two are results in transmission, and lower two are in reflection.
Dotted yellow circles are for clarification of desired diffraction order.
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reflection space as +y at LCP incidence (by blue color). The SEM image of
fabricated sample is shown in Fig. 3.13b, and this shows the direction in
which the angle is changed differs depending on the structure. As mentioned
above, the SNR is calculated for revealing the performance of LSMA. The
signal is defined as the diffraction efficiency of desired order, and noise is the
intensity sum except for the signal. For example, when SNR is desired in
transmission space, the CCD-captured results by two incident polarizations
exist. If the incident polarization is + polarized (LCP), desired diffraction
order is -1 in x-direction. Therefore, the number of resultant SNR is four,
which are distinguished by two input polarizations and two spaces per one
sample (Fig. 3.13c). At target wavelength of 633 nm, SNR is 6.81 dB (LCP),
5.61 dB (RCP) in transmission, and 2.85 dB, 3.25 dB in reflection. If it was
made as intended, it should have a similar result to Fig. 3.4b. The tendency
according to wavelength is similar, but the wavelength of maximum value is
redshifted in transmission, which is 17.7 dB when LCP light of 690 nm is
illuminated. This tendency holds true in SNR of reflection of which the
maximal value is 3.08 (3.36) dB when LCP (RCP) light of 640 (655) nm is
incident light source. This can happen when the sample is made a little larger
than desired. The CCD-captured result at the target wavelength of 633 nm is
also shown in the Fig. 3.12d, showing desired operation of asymmetric beam

deflection and polarization dependent space conversion as well.
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3.5 Conclusion

In this chapter, metasurface that enables polarization dependent space
conversion is presented. Using LSMA as unit structure, the magnitude
variation of cross-polarized component according to the handedness of CP
light is achieved. Especially, it is designed so that when + polarized light is
incident, cross-polarized transmission is suppressed, and when — polarized
light is used as excitation light source, cross-polarized reflection becomes
zero. Using geometric phase and interleaving it with enantiomeric counterpart,
independent phase control at transmission and reflection is achieved. Notably,
as novel operation, by handedness change of incident CP light, the transmitted
phase profile can be transferred to reflection space and at the same time, the
reflected phase goes to transmission, which is called space conversion. Using
asymmetric beam deflection and holographic image generation, the unique
property of proposed metasurface is presented. Note that the space conversing
scheme is demonstrated using LSMA, but it can be regarded as a realization
by principle. Also, by polarization change of incident light, the space
conversion is verified experimentally. We are expecting this scheme can
contribute to the suggestion of new form factor in existent optical design by

virtue of novel operation.
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Chapter 4 Switching modulated space
by arbitrary polarization pair

4.1 Introduction

One of the important branches of light control which becomes possible with
metasurface is to implement phase gradient. Indeed, the phase gradient
metasurfaces (PGMs) have been utilized in the past for acquisition of desired
light beam trajectory by generalized Snell’s law (GSL) [14, 67-69]. That is
because the light rays obtain additional transverse wavevector by phase
gradient, which results in the anomalous refraction or reflection [70].
However, GSL is found to be insufficient to explain the light beam path
especially when light impinges with critical angle condition. In this condition,
the lattice vector of periodic structure replaces the phase gradient and this
reveals various interesting phenomena, such as high order diffraction,
asymmetric transmission and retroreflection, etc [71-74]. However, while the
inherited physics is theoretically revealed in past studies, devices utilizing
relevant content are still rare [75, 76]. Since the current research framework
of metasurfaces which modulates the full-space lacks in polarization response,
the combination of the phase gradient for asymmetric transmission and
conventional polarization multiplexing scheme may pave the way to novel
polarization-selective full-space control in electromagnetic regime.

In this chapter, a metasurface platform is proposed, which achieves
asymmetric transmission according to the polarization states of incident light,
and at the same time, conveys two independent phase profiles to each space.

We utilize the birefringent nanopillar as unit to impart different phase profiles
62
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at two arbitrary orthogonal polarization. Next, we show that the transmissive
metasurface possessing specific phase gradient can be utilized to reflection-
type using the critical angle condition [73]. As a result, the control of
transmission and reflection can be realized by polarization of the incident
light, and at the same time, their phase can be determined independently. The
fabrication and measurements of proposed scheme is also conducted with two
examples (beam steering and holographic image generation) and verified with
three different polarization pairs. Contrary to other implementations, here the
proposed scheme considers the full-space modulation. We expect our
metasurface design to be applied in a diversity of optical setups thanks to its
compact but outstanding ability of light manipulation at full-space, guiding a
new way to simplify the existing system. Moreover, as a holographic storage,
this scheme may open a new horizon for image encryption, decryption and

real 360° vectorial hologram.
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4.2 Basic metasurface design
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Figure 4.1 Schematic diagram and transmission coefficients of nanopillar, which is
used as unit structure throughout this article. (a) Schematic diagram of rectangular
nanopillar expressed with structural parameters. The structure is illuminated from
the bottom. (b) Schematic diagram and SEM captured image showing how the meta-
atom is structured and made in simulation and experiment. (c) Simulation results of
amplitude and phase of transmission T, While varying Lx and L, of single nanopillar.

The basic framework of the proposed metasurface consists of amorphous
silicon rectangular nanopillar on quartz substrate, as shown in Fig. 4.1a. The
material choice is attributed to the high index and low absorptivity at 980 nm
wavelength (nsigso nm = 3.6+0.013i). Unit cell has 450 nm pixel pitch (P in
Fig. 4.1a) that is determined not to cause diffraction considering the refractive
index of the substrate (SiO2, n = 1.44). Each nanopillar has 500 nm height (H
in Fig. 4.1a), which is about half the wavelength in free space (980 nm),
optimized to have high transmittance (0.8~1) and enough birefringence at the

same time. Finite element method simulations were performed using a
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Figure 4.2 Structural parameter and amplitude data set used in the main text sorted
by the desired phase values of Ty and Tyy. (2) Colored plot graphs of structural values
of Ly and L,. Coordinate values indicate the lengths of corresponded phase values of
Twand Ty. (b) Colored plot graphs of amplitudes, corresponding to the Fig. 4.2a.

commercially available software (COMSOL Multiphysics). To avoid
unphysical scattering and provide better agreement with the experimental
results, the simulations consider pillar with rounded edges (Fig. 4.1b). The
amplitude and phase of Txx and Tyy are obtained while varying structural
parameters Ly and Ly from 50 nm to 430 nm, as shown in Fig. 4.1c. From this
computed result, one can find the nanopillar that minimizes the mean squared

error calculated as follows:

E=[T, e[ +[T, —e’| (4.1)
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where ¢1 and ¢, are desired phase values. Using eq. (4.1), we obtain the
structural information of the nanopillar which delivers the phase of ¢1 and ¢
to x- and y-polarized light, respectively. For detailed parameter set, see Fig.
4.2. This phase shift disparity by incident polarization stems from the
effective propagation length difference by the shape of the nanopillar. This
property makes the proposed platform sensitive to wavelength changes.

In addition, several previous studies revealed that this linearly
birefringent metasurface platform can also impart two different phase shifts
into other polarization pairs [21, 28]. It is possible by introducing the in-plane
rotation angle to the nanopillar. For example, if the circularly polarized light
shines the nanopillar, the cross-polarized component of the transmission is

expressed as:

Tcross = (Txx _Tyy)ejzmg 12 (42)

where o is the parameter determined by the handedness of circular
polarization of the incident light, and 4 is the rotation angle of the nanopillar,
shown in Fig. 4.3. Herein, ¢ is +1 or -1 for right or left circular polarization,
respectively. According to eq. (4.2), the phase of Teross is dependent on the
handedness of polarization due to the part of e2°?, As the amplitude and phase
of (Tx-Tyy) are controllable by the dimension of nanopillar, the maximal value
of Tcross With two independent phase shift values by input circular polarization
can be achieved. When it comes to the elliptical polarization pair, this is also
achievable. Derivation can be retrieved by Jones matrix calculation: Since the
linear and circularly polarization pair is intuitive and well-known by the

several papers, the general case of elliptical polarization basis is explored here.
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Figure 4.3 Conceptual schematic for explanation of mechanism of phase modulation
of arbitrary polarization pair. When the nanopillar rotation is introduced, the phase
modulation at arbitrary polarization pair is possible with flipped handedness as
described in the text.

We consider the case of generalized elliptical polarization pair, which are

expressed as follows through the Jones matrix,

N 1

where E;4 denotes the basis matrix of electric field direction of input light that
is orthogonal to each other component, and ¢ is the phase difference between
x- and y-directional electric field at incident light. Considering that the phase
retardation in linear polarization basis of meta-atoms and rotation angle in xy-
plane is freely adjustable, Jones matrix of meta-atom that is equivalent to
scattering effect can be written as

j ¢XX

0
J=R(O . |R(-0), .
(){O e%j (-6) (4.4)

where 6 is rotation angle of each meta-atom with respect to x-axis, and R is

well-known 2 by 2 rotation matrix expressed as
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4.5
sin@ cosd (4.5)

R(9) = (cos@ —sin 0]-

Here, when the incident light is expressed by eq. (4.3) and incident onto meta-
atom, the scattering matrix expressed by polarization of which the handedness

is flipped from incident one can be written as follows,

(ElBa) (EulEp)
<E—¢2 ‘ E¢1> <E‘¢2 ‘ E¢2>

ei¢ aei¢xx + bewyy Cei¢xx _Cewyy
Py By

-1
T—¢¢ :E7¢><J><E¢ =
(4.6)

2 | ce —ce™ be" +ae
where a, b, and c are the derived complex coefficients as below,

a=CoS¢+sin 26 —icos20sin ¢,
b = cos¢—sin 26 +icos2sin ¢, 4.7)
C =—C0S¢@C0S26 +isin .

The upper bar in eq. (4.6) indicates the conjugate value of corresponded
parameter. It is notable that the non-diagonal components have same values.
Therefore, considering the energy conservation law, when the absolute values
of non-diagonal components in T_44 are zero, the absolute values of diagonal
components, which are handedness-flipped polarized components from
incident light, become the highest value of unity. From eq. (4.6), the zero
absolute value condition of non-diagonal components can be expressed as

below,

By — By =2£C (4.8)
Furthermore, since the phase difference between two diagonal components is
also achievable with fine-tuning of gxx+¢yy, it is possible to impart two distinct

phases for arbitrary polarization pair with linearly birefringent meta-atom. It
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is notable that unlike the condition in which the linearly polarized light is used,
the component to which the phase is added is the handedness-flipped version
of incident light (see Fig. 4.3). As a result, for arbitrary polarization pair, the

polarization multiplexed phase control is realized.
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4.3 Phase gradient metasurface for reflective
operation
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Figure 4.4 Conceptual diagrams of proposed phase gradient metasurfaces for
explanation of mechanism of desired scheme. (a) Schematic illustration of
transmissive PGM consisting of two meta-atoms (m=2). The period of supercell is
a, assuming that the meta-atom is transmissive and having gradient value of 27/a,
the light is bent by addition of corresponding momentum as shown. (b) Schematic
illustration for showing transmissive PGM of m=2 and phase behavior when the
direct transmission (L=1) and induced reflection (L=2) appear.

In this section, we provide a method which allows us to obtain induced
reflection using PGM [73, 75]. Our scheme can be explained with the integer
parity design of two meta-atoms, assisted by the diffraction law of parity
reversal and critical angle condition to demonstrate the reflective operation
from transmissive type device [73]. Suppose that transmissive PGM of

periodicity a is designed with gradual phase shift values from m nanopillars,
Q.= 27i/m from i-th nanopillar in Fig. 4.4a. Here, the nanopillars could be

regarded as light waveguides. The light leakage into the free space between
nanopillars is neglected because light scattering is mostly attributed to the

modes excited in nanopillar. When the light impinges normally into this PGM,
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the diffraction mechanism regarding wavevectors of output rays is well-

known to obey the following equation by GSL,
K., =k, +<, (4.9)
where kir is momentum of light along x-direction in transmission/reflection

space, and kin is transverse momentum of incident light, and ¢ is the phase

gradient of PGM, expressed as 2n/a. It is well-known that according to eq.
(4.9), in case of &< |k0|, the output light experiences direct transmission of

trajectory determined by additional momentum of & Intriguingly, however, if

the momentum of PGM is enlarged beyond the wavevector in transmission

space (¢ >K,), the wave cannot proceed to transmission space directly. It is

called critical angle condition, which makes the resultant diffraction apart
from GSL. In the critical angle condition, how the light proceeds cannot be
explained by GSL, and it is determined by the following equation called
diffraction law of parity reversal [73],

k., =k, +&+(n-1)G =k, +nG, (4.10)
where n is the diffraction order and G is reciprocal lattice vector of the
supercell structure, which is the same value as ¢& but possesses different
physical meaning. Thereupon, the light undergoes the back propagation in
nanopillar, as shown in Fig. 4.4b. In this circumstance, this doubles the phase
retardation from each nanopillar (2¢i) because of the additional propagation
in the nanopillar. If the number of this back and forth propagation in
nanopillar is parametrized as L, the phase retardation from i-th nanopillar
becomes Lgi[73]. It is worth mentioning that among the propagation process,

the diffraction occurs if the coupling is possible into corresponding diffraction
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Figure 4.5 Procedure of how diffraction occurs when critical angle condition is met. (a)
The condition when the diffraction can be explained with GSL. (b) Equifrequency
contour. From bottom, the light is normally illuminating to structure, yielding
anomalous refraction. (c) Schematic of obliquely incident light when critical angle
condition is met. (d) Equifrequency contour described by GSL. () Schematic diagram
showing the induced reflection. (f) Corresponded equifrequency contour.

order according to eq. (4.10). In short, this phenomenon can be summarized
with abovementioned parameters, which is revealed by previous studies,
expressed as:

L=m+n. (4.11)
In this chapter, we will only deal with the L=1 (direct transmission) and L=2
(induced reflection). The detailed information of how the light trajectory is
determined can be understood by equifrequency contour. As shown in the Fig.
4.53, the diffraction is decided by the GSL when the incident angle is not in
the critical angle condition. The solid circle at the bottom (Incident)
represents the equifrequency contour of incident light. Blue arrow shows the
direction of incident light, and red arrow at the upper graph (Refraction)

represents the propagating direction of refracted light. The dashed circle in
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refraction is the contour for reference when there is no phase gradient by the
structure. On the other hand, the solid circle is the shifted contour by phase
gradient &, order of n=1 by GSL. As shown by the direction of red arrow, the
propagating direction of refraction can be accesssed. The equifrequency
contour of diffraction order shows the beam trajectory of refracted beam, as
shown in contour at Fig. 4.5b. Note that the contour is described according to
eq. (4.9), which is same when n=1 in eq. (4.10). According to the contour, the
fact that the refracted beam of the critical condition when kin is bigger than
ko-¢ cannot be explained by GSL (Fig. 4.5c-d). By GSL, the refracted light
cannot exist, because the momentum becomes bigger than the free space
wavenumber ko. This is when the light propagates backward because there is
no diffraction channel for light beam to proceed. As the refraction by GSL is
not possible, the wave propagates back into reflection space, yielding two
times of propagation phase. This, in turn, results in the diffraction having
order of n=-1. The diffraction order n can be obtained using eq. (4.11), so
rather than GSL, diffraction law of parity reversal should be utilized in critical
angle condition. With induced reflection, the light is retarded by propagation
phase of each nanopillar again. As a result, the diffraction occurs in reflection
with opposite sign of transmission, considering the 2z phase wrap as shown
in Fig. 4.5e. As a result, the diffraction order becomes n=-1 (Fig. 4.5f).
Therefore, the equifrequency of GSL cannot explain the diffraction from
induced reflection. In the critical angle condition, diffraction is determined by
eq. (4.11) (n = 2(L)-3(n)), and the generated diffraction order n follows the

eg. (4.10), which is generalized case of abovementioned example.
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Figure 4.6 The equifrequency contours of PGM when a=2P. Red circles are
transmission contour graphs and the green circles are the reflection contours. The
solid (dashed) circles are coupling-possible (-impossible) contours of diffraction
orders solved by eq. 4.10. The blue arrows show the directions of incident and
output light. Since the surroundings are different at transmission and reflection
spaces, the radii of contours differ from each other.

Next for numerical demonstration of induced reflection L=2, the
supercell structure consists of two meta-atoms (m=2) for exhibiting phase
gradient &=z/P. Since the structure is composed of two meta-atoms, the

diffraction law of eq. (4.10) is modified as below,

k., =k, £nG. (4.12)

n —

Namely, if one nanopillar conveys phase ¢ to transmission, the other
nanopillar is chosen to impart phase of ¢+x, which is out-of-phase. According
to eq. (4.12) and as shown in the equifrequency contour at Fig. 4.6 of above
condition, the incident light (expressed in blue arrows) cannot be coupled to
order n=1. This is because the generated phase gradient value /P (=6.98x10°

1/m) is slightly greater than the wave momentum at the free space ko
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Figure 4.7 Simulated results showing the induced reflection. (a) The light field
intensity patterns from ten selected structural parameter sets. The electric field is
directed iny. The interference pattern shows the light is mostly reflected. The square
nanopillars in one set have phase values that are out-of-phase to each other, which
means identical phase gradient. Their original phase values in transmission can be
observed in (b), and they are increasing values maintaining identical phase gradient.
Green triangles are phase values from right nanopillar, and red circles are from left.
The reflected phase values of (i-x) are also shown in black squares, which are two
times of the transmissive phase shift. (¢) Transmission and reflection amplitudes from
(i-x). Red squares are reflection and green circles are transmission

(=6.41x10° 1/m), which means the critical angle condition. In this condition,
the direct transmission (L=1) cannot occur. As a result, the reflection is
induced (L=2), and since the supercell is composed of two meta-atoms (m=2),
the light is reflected (n=0). In this condition, the reflected light undergoes
phase change of 2¢.

For square pillar which imparts same phase shift values regardless of input
polarization, the induced reflection is numerically demonstrated. The
structural information is extracted from Fig. 4.2, and their square widths are
adopted for imparting phase values showing out-of-phase condition to each
other. Total ten structural parameter sets are adopted, and their phase values
differ by n/10. Since the phase values are doubled at induced reflection as
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shown in Fig. 4.4b, each nanopillar imparts same phase shift to reflection. As
shown in Fig. 4.7a, most of light intensity goes to the reflection spaces at all
examples. The reflected phase shifts by two nanopillars are twice the gradient
of the original phase shifts (Lgi when L=2) as expected, and it is shown in
Figs. 4.7a, b. The light cannot proceed to the transmission space due to
abovementioned theory, so the evanescent field can be observed as shown in
Fig. 4.7a. Their corresponded reflection and transmission amplitudes are also
calculated in Fig. 4.7. The reason for leakage to transmission is the mismatch
of the transmission amplitudes of original nanopillars and relatively low light
confinement into nanopillars. It is worth mentioning that in reflection, one
may think that the wave is able to be coupled into diffraction order n=1 and -
1 in reflection space, but it is possible if the light energy (i.e. induced current
density, normalized magnetic energy), which dominates the scattering
characteristics of each nanopillar, is not confined into PGM but into adjacent
free space. This makes the induced reflection hard to be generated, which
contributes to the main reason for mismatch between analytical and numerical
result. In our design, it means that if the relatively low index materials (i.e.
GaN, TiO2, GaP, etc.) are adopted, the improved feature can be realized.

By using the design method discussed in the previous section and induced
reflection here, the metasurface is designed to operate like polarizing beam
splitter (PBS). Using the fact that one nanopillar can impart two independent
phase values and PGM can be used to induce reflection from transmissive
metasurface, two nanopillars are combined to unit cell for realization of
unprecedented operation in metasurfaces: Firstly, this metasurface can split

incident light into totally different spaces of transmission and reflection,
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distinguished by polarization states. Former studies already have succeeded
in beam split by polarization, but they hardly divide beam trajectory into full-
space, especially in optical frequency regime. Secondly, the phase shift value
can be independently imparted to both spaces. It is possible through using
linearly birefringent nanopillars where the light reaction varies by the
polarization state. As an example, assume that the designer wants to design a
nanopillar that imparts the phase values of @1 and ¢> into transmission and
reflection, respectively, and at the same time, wants the light to be split by
linear polarization basis. Basically, for reflective operation, the unit structure
should have two nanopillars. As discussed in this section, two nanopillars are
for generation of phase gradient bigger than wavevector at free space. If x-
polarization is chosen to be at transmission, then two nanopillars are designed
to impart the identical phase of ¢ for x-polarized light. On the other hand, for
y-polarized light, two nanopillars need to operate in reflective type. It is
possible by induced reflection of L=2, which is realized by two nanopillars
conveying the phase of ¢2/2 and @2/2+m at y-polarization. Since these phase
values give the same condition discussed in this section, induced reflection
will have the phase value of ¢2. In detail, simulation results with structural
parameters are also provided in Fig. 4.8 in case of linear polarization basis.
Since the polarization-selective phase retardation is possible at arbitrary
polarization basis as discussed in previous section, this makes polarization-

selective full-space phase modulation achievable.
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Figure 4.8 Schematic diagram and colored plot graphs for explanation of reflected
phase values designed in linear polarization pair. (a) Schematic diagram of two-fold
meta-atom unit cell design, and scattered wavefronts from each meta-atom is
marked by yellow-colored circle and triangle, respectively. (b) Examples of
structural parameters of two meta-atoms exhibiting transmission at x-polarized
shined condition, and reflection at y-polarized shining. They should meet the
condition of out-of-phase condition at Tyy, while Txs are in-phase. As results, line
that passes circle and triangle both is parallel to y-axis. Note that the yellow circle
can only be displaced in the red-shaded area, which is for evading the overlapped
parameter set. That is in fact related to the reflected: Reflected phase of Ryy is
determined by the two times of T,y of circle and triangle. (c) Determined phase and
amplitude values of Ty and Ry, extracted from resultant two-fold meta-atom,
calculated by simulation. As shown in the graphs, it is noteworthy mentioning that
the scale of y-axis is half of the scale in x-axis. At the same time, the phase values
of Ty and Ryy are changing with identical gradients, which means that the phase of
Ryy changes two times faster than that of Txx.
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4.4 Experimental demonstration
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Figure 4.9 (a) Schematic diagram of optical setup for capturing Fourier images of
fabricated samples with diode laser of 980 nm wavelength. The input polarizers are
subject to change according to the purposes. The two lenses before metasurface are
used for collimating the light, and the lenses after metasurfaces are for 2-f system
for obtaining the Fourier image of the metasurface. MS: metasurface, CCD: charge
coupled device, BS: beam splitter, Pol.: polarizer. (b) Schematic diagram of unit cell
composed of two rectangular nanopillars. (c) SEM captured image from sample
operating in linear polarization pair. Scale bar: 1 um (d) Schematic diagrams of three

fabricated samples distinguished by polarization pair in operation. For beam steering
and hologram generation samples, this notation is preserved.

Throughout this chapter, three types of metasurface are fabricated for

~I. p—

experimental demonstration with discussion, distinguished by the operational

polarization states. The three selected polarization pair is expressed by phase
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difference between electric fields directed at two principal axis of x- and y-
axes, and their values are 0, n/4 and n/2, respectively. The measurement is
carried out with optical setup as shown in Fig. 4.9a. The polarizers at output
ends are sometimes selectively removed for desired analysis. As mentioned
in above section, the unit cell consists of two nanopillars, as shown in Figs.
4.9b, c. The unit cell structure is inclined at 45 degrees, which looks clear in
Fig. 4.9b, designed for shortening the period from 2P to /2 P. Samples are
fabricated by standard electron beam lithography.

We introduce two operational types for experimental verification of
proposed metasurface device: (1) One is beam steering sample which
transmits light into transmission and reflection spaces by the input
polarization states, and the steering angles at each space are also freely
designed. (2) The other is hologram generation sample, and basically same
design method is employed with above examples. However, we believe that
this sample shows the elemental level of potential of this design scheme
because the capacity for holographic generation indicates the possibility of
other operation as well, such as orbital angular momentum, lensing, etc. The
way that the trajectory of three polarization types is determined is depicted in
Fig. 4.9d: The sample operating in linear polarized light splits the x-polarized
light into transmission space, and y-polarized one into reflection space. For
sample operating in circular polarization, the incident left-handed circularly
polarized (LCP) light transmits to transmission space and polarization is
reversed, while right-handed circularly polarized (RCP) light is reflected and
reversed in polarization. In case of the elliptical polarized light sample, the
polarization direction is just depicted as in-plane arrow in Fig. 4.9d.
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Figure 4.10 Beam steering results from experiment (a-c) CCD-captured images as
well as the line graph extracted near the zeroth order diffraction, showing
experimental results of diffraction order efficiency. (a) is from sample 1, operating
in linear polarization pair, (b) from sample 2 operating in circular polarization pair
and (c) from sample 3 operating in elliptical polarization pair. White arrows indicate
the polarization states of the input light. (d) Polarization extinction ratio obtained
from three fabricated samples. Simul.: simulation result, Meas.: Measured result.

As the first example, we demonstrate beam steering capability of the
proposed scheme. Each sample is fabricated with identical operation, having

the phase gradient values of which at transmission space, the value is 0.444P
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Table 4.1 Total diffraction efficiency obtained with FDTD results. a) El1 (El) is
the elliptical polarization state determined to operate in transmission (reflection).
b) Written in bracket is the efficiency at target diffraction order.

Sample number 1 2 3
Input polarization x-pol y-pol LCP RCP Ely El,
Total Transmission 79.34 21.44 80.46 15.40 77.59 21.41
efficiency (76.62)” (77.54) (73.93)
%
(%) Reflection 8.444 57.67 9.376 65.37 11.02 56.95
(38.56) (31.04) (14.67)

(=2n/10 /2 P) to +y direction, and in reflection space, it is 0.555P (=2x/8
2 P) to +x direction. Consequently, one periodic structure is composed of
total 10x8x2 meta-atoms. Samples are fabricated targeting the size of 200 x
200 um?, having about 700 meta-atoms in one line. Their operation is firstly
verified by numerical simulation, conducted with a commercial finite domain
time difference (FDTD) tool, Lumerical FDTD solutions. In measurement
step, the Fourier images are captured by charge coupled device (CCD) camera
for obtaining relative diffraction efficiency at each space. In both simulation
and experiment, the polarizers at input are altered, while the output polarizer
is excluded for verifying beam splitting ability of proposed scheme. As shown
in Figs. 4.10a-c, the experimental result shows a desired operation with
preconditioned polarization state of incident light. The total efficiency of
reflection and transmission varies with samples and polarizations, which can
be found in Table 4.1, obtained by FDTD results. The results show the
possibility as novel type PBS, considering the beams divided into both spaces

by the input polarization states. For analysis as a polarizing beam splitter, the
polarization extinction ratio defined as PER=P,,/P,(dB) is also

calculated at the desired diffraction order (Fig. 4.10d). In our design, PER can

be obtained at both spaces, resulting in two PERs by one sample. At each
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Figure 4.11 Beam deflection schematic diagram and results from simulation and
experiment. (a) Schematic diagram showing beam deflection with parameters for
diffraction order and polarization states. (b-d) Dot plot showing simulation and
experiment result of diffraction order efficiency. (b) is from sample 1, operating in
linear polarization pair, (c) from sample 2 operating in circular polarization pair and
(d) from sample 3 operating in elliptical polarization pair. Arrows indicate the
polarization states of the input light. The written numbers in graph are the diffraction
efficiency of desired components. Blue squares are the simulated results and red
diamonds are from measured results.

space, Ppoi1 and Ppoi2 are measured at the same position into which the
diffracted beam by the ideal sample propagates. That is, in transmission, the
measured position is to +y direction having momentum of 0.444P. Subscript
pol.1 means the wanted polarization state and pol.2 is unwanted state, which
is orthogonal to pol.1. For example, in transmission (reflection) mode, when
the x(y)-polarized light impinges to sample 1, the efficiency of light which is
diffracted to +y(x) direction having momentum of 0.444P (0.555P) is
measured, and this is called Ppor.1. Next, the input polarization is tuned to y(x)-
polarized light, then Ppoi2 is measured at the same position as before. We

achieved PER of the maximum value up to 16.7 dB at transmission and 27.8
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dB at reflection in sample 1. The difference between simulation and
experiment is due to the imperfection of the optical elements used in optical
setup, and fabrication error of samples. This is notable in that the transmissive
metasurface is utilized to send light into reflection spaces by putting local
phase gradient. The comparison between simulation and experiment is shown
in Fig. 4.11 by the efficiency, showing great agreement with each other. The
difference mainly grounds for the inevitable reflection from the substrate,
which is shown well in reflection cases at zeroth order.

As the second example for experimental verification, the asymmetric
holographic image generation is demonstrated. That is, the holographic image
itself as well as the space where it is generated is altered according to the
polarization state. Three different samples are fabricated which are
distinguished by the operational polarization pair and generated holographic
images as well. Fabricated sample is composed of 300x300 pixels, having
total 300x300x2 meta-atoms. Two target holographic images are encoded by
GS algorithm to be regenerated at the Fourier plane, so as shown in Fig. 4.9a,
a lens is put between sample and CCD camera. At encoding step, the image
is designed to occupy the area which is determined considering the numerical
aperture of Fourier lens used in measurement step in Fig. 4.9a, which is 0.5.
In measurement step, the images are captured by CCD camera by changing
the polarization state of incident light. The captured images are shown in Figs.
4.12a-c on the right described with input polarization states, and the
simulation results are shown on the left. The holograms generated in

transmission spaces have the polarization states orthogonal to those of
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Figure 4.12 Hologram generation results from simulation and measurement. From
top to bottom, they operate in (a) linear (sample 1), (b) circular (sample 2), and (c)

elliptical (sample 3) polarization states. Arrows indicates how the polarizer is
directed at input end.

holographic images in reflection spaces. As shown in the measured results,
when the opposite basis of polarized light is incident onto each sample, the
holographic images are barely discerned. In terms of the optical power, which

Is integrated value except for the power at the middle of the resultant image,
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Figure 4.13 Polarization extinction ratio of hologram generation sample

the ratio is calculated by each sample and space. It is determined like PER
above by input polarization (Ppoi.1/Ppol2) but not in dB scale (Fig. 4.13). The
ER here shows similar trend with the beam steering case. The maximum ratio
is achieved at sample 1, which is 8.75 at transmission and 3.902 at reflection.
In terms of image generation, the experimental results show the good
agreements with the simulation results. The hologram conversion efficiency
is calculated numerically, assuming the incident light is plane wave and near-
field effect is neglected (Table 2). Considering the zeroth order term that is
not found in numerical result, the efficiency of experimental results could be
lower than that of simulated result. The main reason of the difference owes to
the fabrication error, because the operation of designed metasurface is
dependent on the dimensions of the nanopillars. Also, the total beam profile
occupies more areas compared to the fabricated sample sizes and this

contributes to the increase of zeroth order diffraction.

Table 4.2 Numerically retrieved hologram conversion efficiency

Conversion efficiency (%) Sample 1 Sample 2 Sample 3
Transmission 80.01 79.87 66.42
Reflection 78.18 79.57 65.79
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4.5 Conclusion

In conclusion, the author design and experimentally demonstrate
metasurfaces which are capable of controlling the full-space of incident light.
Unlike previous studies, the controlled space is flipped by the polarization
states of incident light, which is possible by linearly birefringent rectangular
nanopillars and integer parity design to realize induced reflection.
Transmissive and linearly birefringent nanopillars are employed for distinct
phase shift to any pair of orthogonal polarization states, involved with
reversed handedness. Two nanopillars are multiplexed into unit cell, and
using GSL, critical angle condition with normally incident light is used for
mediating reflective operation from transmissive PGM. Next, beam
deflection and hologram generation samples are fabricated for experimental
verification of proposed scheme. For each operation, three samples operating
in linear, circular and elliptical polarization pair are fabricated. They are in
good agreements with simulation results, offering their potential to be utilized
in various optical applications as novel type PBS. Other than PBS, one can
think that the ability to design different beam trajectory according to
polarization is comparable with polarization volume grating, composed of
liquid crystal. Their diffraction efficiency and polarization contrast could be
larger than metasurface, but our scheme has merits in the ultrathin thickness
(~A) and subwavelength pixel pitch. The additional advantage of the proposed
scheme with respect to currently employed spatial light modulators is that the
proposed scheme is characterized by extremely compact features, and
capability of full-space modulation. Furthermore, in terms of vectorial

hologram, meaning multichannel hologram generated with various

87
2]



polarization states, this scheme would be used in demonstration of vectorial
holographic images appearing in both spaces, which can be called 360°
vectorial hologram. Adding the encryption method of ref. 16 to this scheme
would allow the vectorial holographic images to be further encrypted in the
generated space. Finally, in terms of applicability, the author expect that this
scheme can be more useful in designing novel type optical setups and
compatible in various conventional setups, which would result in lightening

the weight of optical devices.[64]
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Chapter 5 Conclusion

This dissertation presents the studies on improving the metasurface
performance into full-space for multifunctionality, especially by independent
wavefront control at visible frequency. There have been a lot of studies on
metasurfaces regarding full-space control, but they are concentrated on the
wavefront control on gigahertz frequency regime, which has a long way to go
to be applied in optical frequency. In this regard, for novel form factor with
using the whole merits of metasurface for optical engineering, metasurfaces,
which enable the independent wavefront control of transmission and
reflection, respectively, are newly proposed here. Simultaneous, and often
polarization-selective control of full-space can provide the metasurface with
the potential to be utilized in novel and existence optical system for reduced
form factor. The studies on this dissertation use conventional techniques to
control the phases conveyed from meta-atom, but the methodology
collaborating them is not ordinary. The structures are designed to be as simple
as possible, considering the fidelity of the fabrication result.

First, the simple-structured silicon metasurface is reported for the
simultaneous full-space control of light for visible wavelength. For
independent phase control at each space, the concept of generalized Kerker
effect is proposed, and this is verified both analytically and numerically
together. Spatially varied size of rectangular pillar composed of amorphous
silicon is adopted as meta-atom, having benefits of well-known
nanofabrication feasibility. The proposed scheme is tested by experimental
result, applied in asymmetric beam deflection as well as hologram generation.
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Thanks to versatility of proposed metasurface, the generalized Snell’s law is
extended to transmission and reflection together, allowing phase gradient
values. Hologram generation is also demonstrated, reinforcing its ability to
be employed in further optic applications. The metasurface research is paving
its way to consumer electronics and commercial optics applications such as
biomedical imaging or augmented reality platform. Researchers are using the
metasurface in a way that replaces one part of the bulk optics to keep up with
this trend. In this context, considering the versatile nature of proposed method
to control both spaces, the scheme presented in this article can be
advantageous in further miniaturization and advance in light-weight future
devices.

Second, platform having polarization dependent operation that is
completely new is presented. Using L-shaped structure as unit, the magnitude
variation of cross-polarized component according to the handedness of CP
light is achieved. Especially, it is designed so that when right-handed CP light
is incident, cross-polarized transmission is suppressed, and when left-handed
CP light is used as excitation light source, cross-polarized reflection becomes
zero. Using geometric phase and interleaving it with enantiomeric counterpart,
independent phase control at transmission and reflection is achieved. Notably,
as novel operation, by handedness change of incident CP light, the transmitted
phase profile can be transferred to reflection space and at the same time, the
reflected phase goes to transmission, which is called space conversion. Using
asymmetric beam deflection and holographic image generation, the unique
property of proposed metasurface is presented. Also, by polarization change

of incident light, the space conversion is verified experimentally. We are
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expecting this scheme can contribute to the suggestion of new form factor in
existent optical design by virtue of novel operation.

Thirdly, the author designs and experimentally demonstrates
metasurfaces which are capable of controlling the full-space of incident light.
Unlike previous studies, the controlled space is flipped by the polarization
states of incident light, which is possible by linearly birefringent rectangular
nanopillars and integer parity design to realize induced reflection.
Transmissive and linearly birefringent nanopillars are employed for distinct
phase shift to any pair of orthogonal polarization states, involved with
reversed handedness. Two nanopillars are multiplexed into unit cell, and
using GSL, critical angle condition with normally incident light is used for
mediating reflective operation from transmissive PGM. Next, beam
deflection and hologram generation samples are fabricated for experimental
verification of proposed scheme. For each operation, three samples operating
in linear, circular and elliptical polarization pair are fabricated. They are in
good agreements with simulation results, offering their potential to be utilized
in various optical applications as novel type PBS.

In summary, the author proposed methodologies to make platform
achieving independent wavefront control in transmission and reflection
spaces, respectively. Despite the novelty of these studies, however, there are
still several problems to be dealt with for application to future optic devices.
First, the benefits of controlling both spaces at the same time are still
ambiguous. Among the proposed studies in this dissertation, only Chapter 4
can be replaced by surpassing the existing PBS, and further studies for

application of the remaining platforms of Chapter 2 and 3 should be

91



conducted in the future. Second, there exist several problems on Chapter 2
and 3, such as efficiency and polarization. In terms of efficiency, due to the
limit of silicon in visible wavelength, the performance is severely low, which
Is about 40% and 50% in maximum, respectively. Also, they need polarizer
at input and output end simultaneously. It can affect (increase) the volume of
the entire system when the corresponding platforms are applied, and the form
factor can increase despite the use of metasurfaces.

In future studies, when designing a device where efficiency is important,
it is necessary to be able to control the efficiency between the reflected light
and the transmitted light. In Chapter 2, the portion of transmitted and reflected
light is randomly chosen, but this factor is crucial in real-life device so fine-
tuning the balance is necessary. Considering the abovementioned problems,
development in terms of efficiency is essential so that the polarizer can be
removed. This is because the need for a polarizer may also disappear if it can
have high performance in efficiency. Not only this, but it would be better if
we could design it to work with different polarization pairs for Chapters 2 and
3. Like platform proposed in Chapter 4, free choice of polarization pair will
accelerate the application of full-space metasurface to optic systems. In terms
of application, demonstrations rather than beam deflection and holographic
image generation are required. Only for operational test and consistency,
these two identical experimental demonstrations are conducted throughout
this dissertation. However, the demonstration that may attract research groups
exists such as 360° vectorial holograms (Chapter 4) since it was never
possible with conventional platforms. Especially for Chapter 3 of L-shaped

meta-atom, since the concept of space conversion is new, the more intriguing
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experimental demonstration with improved performance may pave the way
to design novel modulation platform with metasurfaces. The platform of
Chapter 4 was designed in 980 nm wavelength, which is not the visible light
band, but this could be designed to easily operate in the visible light band
when simply replaced with a material with a low absorption rate in

corresponded wavelength as mentioned in that chapter.
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