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ABSTRACT

Light is one of the most fascinating research areas of science since the past few cen-

turies and this century no exception. In 17

century, Snell’s law was introduced by
Willebrord Snellius a Dutch astronomer and mathematician, which explains the prop-
erties of refraction and reflection of light. In 2011, prof. Capasso group from Harvard
University generalized the Snell’s law and introduced a new way to modify the wave
fronts by using phase varying surfaces. The modified Snell’s law follows the Fermat
principle for the phase-changing surfaces. This phase changing surfaces can be created
using tiny nanostructures to arbitrarily modified the amplitude, phase, and polarization
of the wave. They are commonly considered as a broad class of metasurfaces. More gen-
erally, metasurfaces are artificially designed nanostructures which can modulate certain
properties of electromagnetic waves. Metasurface concept is scalable to an arbitrary
wavelength range and very well followed especially in the visible range. In this thesis,
I used the concept of metasurfaces to design and fabricate the different nanophotonics
devices. I designed and fabricated the Si-based all-dielectric color filters which can be
used in transmission and reflection mode. The color filter design presented in this thesis
is very efficient due to its all-dielectric nature. I also designed dynamically tunable color
filters with the aid of source polarisation and a liquid crystal. In addition, I applied
the surface impedance approach to control in-plane propagation in the photonic crystal

waveguide.
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Chapter 1

Introduction

Flat photonic devices will be highly demanded in the various future applications, and
metasurfaces open the door to meet those demands [2]. Metasurfaces are extremely
thin artificially designed and engineered surfaces, which are composed of spatially vary-
ing resonating nanostructures [3]. These resonating nanostructures are known as nanoscat-
ters, or nanoantennas or nanoresonators. The two dimensional (2d) metasur faces can
steer the wave at the optical frequency with high efficiency by discretization the phase
of the light in transmission (reflection) through (from) the metasurface. Metasurfaces
impart the accurate phase at subwavelength scale resolution that allows making new
ultra-compact flat nanophotonic devices such as color filters, metalenses, axicon de-
vices, holograms, color displays, and polarimeters [2]. The single-step fabrication process

makes it easy to fabricate and integrate with the existing devices.

1.1 Physics of metasurfaces

One of the goals of photonic engineering is to control the propagation of light. The
one practical approach to achieve this goal at microwave frequencies was introduced by
Prof. John Pendry who proposed metamaterials, in which propagation of the wave is
controlled by means of the negative permittivity and permeability [4]. Conventional
metals have an electric response (negative permittivity) but no magnetic response. The

origin of negative permittivity in metals can be understood from the Drude model.
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The origin of the magnetic response is usually due to the flow of orbital currents or
unpaired electron spin, but both effects only respond to electromagnetic waves at low
frequencies [5]. Prof. Pendry proposed to create a magnetic response by using metallic
mesostructures [6]. He proposed to use an artificial loops similar to the orbital current
in natural magnetic materials. He designed a metal-based split-ring resonator (SRR) to
create strong magnetism at higher frequencies as shown in Fig. [1.1| [7]. When an elec-
tromagnetic (EM) wave interacts with the SRR in case of magnetic field perpendicular
to its plane, it induces currents in the concentric rings. The created field is out of phase
to the incoming wave and results in a strong magnetic response. This response can be
further enhanced by increasing the number of SRRs in the array plane. The size of the
SRR is much smaller than the incoming wave length. Thus, when the wave interacts
with the array of SRRs, it effectively sees a medium as similar to the macroscopic in-
teraction of the wave with the atom. By properly exciting the SRR, it is possible to
achieve both electric and magnetic response from the SRR at the same frequency. It
has to be noted that the induced fields are in the opposite directions to the incoming
fields. Prof. Pendry also introduced the concept of effective permittivity (e) and per-
meability () to describe EM wave interaction with the metamaterials possessing the
negative permittivity and negative permeability [8]. Later, these artificially designed
atoms were known as meta-atoms (i.e., beyond atoms), and arrays of meta-atoms are
commonly called as metamaterials. The special properties of metamaterials come from
artificial structure designed by utilizing natural materials, rather primarily dependent
on the intrinsic properties of the chemical constituents. So, it is possible to tune the
response of SRR by tunning its geometric parameters. By properly choosing the pa-
rameters of SRR, it is possible to achieve sufficiently strong transmission at microwave
frequencies. Estimates show that in order to design a metamaterial using SRR at optical
frequencies, the size of the SRR must be less than 100 nm and spacing between them
must be less than 10 nm. The fabrication of such SRRs is very challenging, especially
with high precision. Also, calculation shows that amplitude of transmission from SRR

decreases and negative permeability ceased to exist at optical frequencies [9].

Several alternative approaches have been proposed to design metamaterials at optical
frequencies [10, [11]. In general, it is composed of two or more layers stacked in a specific
manner to achieve negative permittivity and negative permeability. The fishnet like
design is the most popular approach for designing metamaterials at optical frequencies,
it is formed by stacking at least two metal layers separated by a dielectric layer [12} [13].

The other approaches to design metamaterials use 3D meta-molecules [14], materials
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FIGURE 1.1: A split ring resonator (SRR), artificial magnetic unit to create magnetic
response at microwave frequency.

T/s T)a 3I/8 T/2 5I/8 3L/4 71/8

FIGURE 1.2: Phase gradient metasurfaces using V-shaped nanoantennas [3].

with a very high index [I5], chiral metamaterials [16], and transformation optics methods
[10, 17]. Although metamaterials draw high attention of the researchers, it is difficult to
realize high-efficiency metamaterials at optical frequencies due to the three-dimensional
nature of the designed structures. The reason for low efficiency is due to the stacking of

multiple layers which results in high losses.

An alternate approach to control the propagation of light was proposed by prof. F.
Capasso, who used two dimensional nanoantennas phase engineering approach to control
the phase of the wave [2]. A phase gradient is introduced by spatially varying geometry
of nanoantennas or by the orientation of the non-symmetric nanoantennas with the
help of the geometrical phase along the flat interface. When the wave passes through
the interface, the successive nanoantenna introduce the phase gradient at each point
in space, as shown in Fig. Such phase gradient surfaces represent a big class of
metasurfaces and their operation can be explained using the generalized Snell’s law.

Snell’s law is based on transnational symmetry and it follow the conservation of energy
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and momentum. If there is a homogeneous interface, then the tangential component of
propagation vector k£ must be conserved at the boundary between incidence half-space

and transmission half-space as shown in Fig. [1.3] This can be written as
n;ko sin 0; = nyk, sin 6, (1.1)

where n; and ny, are refractive indexes of the incident media and refracted media, 6;
and 0; are angles of incidence and refraction respectively. k, = i—: is the propagation
vector in free space and ), is free space wavelength. The Snell’s law can also be derived
by applying the Fermats principle which states that light always follow the least time
path. Now, let us consider a non-homogeneous interface where phase is spatially varying

along the z-direction of the interface, see Fig. If we apply the Fermats principle of

stationary phase, we obtained the following;:
nikesin O;dx + (& + d®) = nyk, sin Oydz + D, (1.2)

where ® and ®+d® are change in phase in the x direction. The above presented equation

can be rewritten as [3]:

: . Ao AP
n; sin@; — n; sin 6 = i% (1.3)
The similar equation can be derive for reflected wave and written as:
) . Ao AP
n;sin@; — n; sin 6, = ﬁ@, (1.4)

where 6, is the angle of reflection. Equations and differ from the standard Snell’s
law due to an additional term (;OT Zi) They represent the generalized Snell’s law for
refraction and reflection of EM wave [3]. Now, let consider a case, when an EM wave
is incident normally to interface, i.e., §; = 0, and there is a phase gradient along the

interface. The generalized Snell’s law is written as followed;
Ao AP

sin 0, = 27;%. (1.5)
t

If the transmitted media is air n; = 1, the angle of transmitted wave is given by;
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The similar equation can be derived to calculate the angle of reflection using the gener-
alized Snell’s law. Considering the incident medium and refracted medium are same as

air, the angle of reflection is given by

Ao AP
6, = sin~?! <> . (1.7)

Equationsandsignify that, if there is a phase gradient % along the interface, then
one can achieve any angle of reflection and refraction of the wave at a given wavelength.
This effect is known as anomalous reflection and anomalous refraction of the wave, as
shown in Fig. Thus, the results are very important to design the metasurfaces for
controlling reflection and refraction of the wave. It should be noted from the generalized
Snell’s law that phase gradient along the interface must be continuous to achieve perfect
reflection and refraction of the wave. In practice, the phase gradient is introduced by
subwavelength scale size of nanoantennas at discrete level. So, the discretization of the
phase decides about the efficiency of anomalous refraction and reflection of the wave.
Since the phase gradient is not continuous in practice and size of the nanoantennas is
small as compared to the wavelength, the incoming wave sees the interface as a flat
surface. As a result, when the light is incident on metasurfaces, anomalous refraction
and reflection co-exist with an ordinary refraction and reflection of the wave. The
latter satisfies the standard Snell’s law, see Fig. With the significant development
in the area of nanofabrication, now it becomes possible to discretize the surfaces at
subwavelength scale and design quite accurate size of nanoantennas, so even the discrete
phase gradient can be quite close to continuous phase gradient, and thus may yield
high efficiency beam steering devices. This makes the metasurfaces different than the
metamaterials in the sense, that propagation of wave is controlled using phase gradient
introduced by the nanoantennas on the surface unlike metamaterials, where propagation

of wave depends upon the effective index of refraction.

The metasurfaces introduce the phase gradient at sub-wavelength scale, so that they
have the capability in control of the amplitude, phase, and states of polarization of
the wave. The recent development in the area of nanofabrication gives the ability
to accurately control the wave propagation even at the visible spectrum by introduc-
ing nano-scatters [I8-20]. This makes gradient metasurfaces a promising platform for

nanophotonics applications.

In particular, it can be used to (re-)design and engineer the flat photonics components

such as flat lens (also called metalens), flat prism, retro-reflector, and, vortex plate [21].
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Normal

FIGURE 1.3: A comparison of standard Snell’s law (left) and generalized Snell’s law
(right).

Incidence i _

wave g Ordinary
S reflection

Anomalous <

reflection ei 0
.

Anomalous Ordinary
refraction refraction
FIGURE 1.4: An ordinary and anomalous reflection and refraction of wave from meta-

surfaces.

A suitable phase gradient function is designed using nano-scatters to achieve the neces-
sary phase at each point on a subwavelength scale. The nanoantennas can be designed

using metals or dielectric materials [22] 23]. Different designs of nanoantennas have been

proposed depending upon the applications. This issue is discussed in detail in the next

sections.



Chapter 1. Introduction to metasurfaces 7

1.1.1 Metasurfaces design using metallic nanoantennas
1.1.1.1 Metals basic

Metals show some specific properties at lower frequencies (in particular, below the
plasma frequency). They have free charge carriers, and their properties can be de-
scribed using the Drude model. According to Drude model, the permittivity of metals
is given by

w2

ew)y=1—- 2, 1.8
@) =1- " (18)
. 1. . .
where w is the frequency of EM wave, v = — is the damping frequency which depends
T
upon the relaxation time (7) of electrons in solid, and w, is plasma frequency given by

Ne?

)
€0

wp = (1.9)

where N, e and, m are the concentration, charge, and mass of the electron in metal,
respectively. €, is the permittivity of the vacuum. The plasma frequency of the metals
can be easily calculated based on the free carrier concentration and it is above 5 eV for
most metals. So, below plasma frequency, the real part of permittivity of the metal is
negative for the entire infrared and the visible range. The real and imaginary parts of

permittivity of the metal are given by

(wpT)?
Ereal(w) =1- m, (110)
wir
im =—2r 1.11
€ ag(w) W[l 4 (w7’)2] ( )
The refractive index of metals is
n(w) = ve(w) (1.12)

and n(w) = n' +in”, where n' is a factor in the propagation constant and n” represents

the losses in metal. Since the €ca) < Eimag, S0 We can write;

2

" €imag TWp
~ — ag _ 4 P2 1.13
) o’ = [ [T (L13)
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Electric field

Metal sphere - - -

Electron cloud

FIGURE 1.5: Localized surface plasmons on the metallic nanoscatter.

So, below plasma frequency, bulk metals are lossy and do not allow propagation of EM

waves.

1.1.1.2 Surface plasmon resonance (SPR)

The interaction of a metallic nanoscatter with the incoming wave can be described within

the frame of classical Maxwell theory as follows

oD
= — H
J+ 5 V x H,
_82 = VxE,
ot (1.14)
V-B = 0,
vV-D = 0.

The first two equations are direct consequences of Ampere’s circuital law and Faraday’s
law where J and %—It) are the conduction current density and displacement current density.
E, B are the electric and magnetic fields. H is the magnetic field intensity. The last two
equations formalize the Gauss law for magnetic field and electric field. At the assumption
of linear, isotropic and non-magnetic medium, there are additional material dependent

relations given by

D = e(w)E, (1.15)

B = i H, (1.16)

where p, is the permeability of the free space.

When the nanoscatter size is very small as compared to the incoming wave length, it
excites the clouds of electrons on the surface of the nanoscatter. These clouds are called

plasmons. A schematic representation of the incoming wave with spherical nanoscatter
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is shown in Fig. When the incoming wave with the electric field E = E, exp (—iwt),
interacts with free electrons of nanoscatter, it polarises the nanoscatter. If the wave-
length of the incoming wave matches with the resonant condition, the electrons start
to oscillate that yields surface plasmons. This frequency of oscillations is called surface

plasmon frequency or surface plasmon resonance frequency wg, and is given by

Wp

o = ——B 1.17
T Tte (17

where g4 is permittivity of nanoscatter. The nanoscatter gets polarized due to electric

field of the incoming wave. Polarizability («) of the metallic nanoscatter is given by [24]:

3&d —€Em

1.18
v (1.18)

a = 4rma

where « is the radius of the nanoscatter and &, is the permittivity of the surrounding
media. From the above equation, it is clear that nanoscatter has strong polarizability
when €5 = —2¢,,. Since metals have a negative real part of permittivity, they can ex-
hibit such a plasmon resonance. It is to be noted that the field is highly localized near
the interface of the nanoscatter, so this regime is also referred to as localized surface
plasmon resonance (LSPR). Also, the polarizability is the function of the radius of the

nanoscatters, so it is possible to shift the spectral location the LSPR.

At the earlier stages of metasurface research, many designs have been based on metallic
nanoantennas [25]. Metallic nanoantennas support plasmonic resonances and, hence, can
introduce the phase shift when used in metasurfaces. It is to be noted that plasmonic
resonances are dependent upon the size, shape, permittivity of metal and permittivity
of surrounding media. So, they can be adjusted easily by selecting appropriate param-
eters depending upon the requirement [25]. As is known, at resonance condition, the
plasmonic nanoantenna has a total phase change from 0 to m. To completely manipu-
late the light, we require a total phase shift from 0 to 2w. This limits the applications
of plasmonic metasurfaces. As an alternative, a Berry-Pancharatnam (BP) phase [26]
is combined with the plasmonic resonance phase to achieve a 27 phase shift, but that
makes the device polarization sensitive. Another problem with plasmonic metasurfaces
is associated with the high losses in the metals at optical frequencies. So, the efficiency
of plasmonic metasurfaces is limited. The metals are highly reflective in nature, so it is

possible to achieve high reflectivity by adding a thin metal layer below the nanoantenna.
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Metal based metasurface has been reported with a efficiency upto 80% for holography
application [27]. But it is not suitable for transmission mode devices due to high absorp-
tion. Recently a highest efficiency of 42.5% is reported in transmission mode plasmonic

metasurfaces [2§].

1.1.2 Metasurfaces design using dielectric nanoantennas

In the last few years, dielectric based metasurfaces become an emerging area of research
to overcome the problem of plasmonic metasurfaces. The dielectric metasurfaces may
have a broadband resonance at optical frequencies, and the dielectric nanoantennas
have very low losses as compared to metals. The resonances associated with dielectric
nanoantennas have been studied using Mie theory [29]. This theory is explained in the

next section.

1.1.2.1 Mie analysis for dielectric particle

In 1908, Gustav Mie proposed a theory to predict the scattering of EM wave from a
spherical dielectric particle when its size is comparable to the wavelength [29]. Mie’s
theory describes the scattering based on the solutions of Maxwell’s equations for an EM
plane wave. It allows the exact analysis only if the diameter of the spherical particle is
of the order of 0.1\ to A. If the diameter of the particle is smaller then the 0.1\, the Mie
theory converges to Rayleigh scattering theory [30]. Let us consider a spherical particle
with a diameter a, which is excited by a plane wave propagating in the z-direction, as
shown in Fig. Any plane wave can be decomposed of parallel and perpendicular
components. The Mie theory describes the scattered field components as a function of
wavelength and scattering polar angle in the scattering plane. So, the scattered field
can be decomposed into the components in the scattering plane (zz-plane). We assume
here that the direction of the scattering is determined by the angle ©, which is measured

from the z-axis.

Each point of the spherical particle is treated as a dipole source which scatters the energy
in space. The sum of each dipole field describes the total scattered field components.

So, the scattering matrix for electric field components with respect to incoming electric
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FIGURE 1.6: A spherical particle is excited by plane wave propagating in the z direction.

fields can be described as

s ikr+ikz [
Rl SR N (1.19)
ES ikr 0 S |E

where Eﬁ and E7 are parallel and perpendicular components of the scattered electric
field in the scatter plane xz and Eﬁ and Eﬁ_ are parallel and perpendicular electric field
components of the incoming wave in the scatter plane. k£ and r are the wave number
of the incident wave in the surrounding medium and radial coordinate, respectively.

The Mie theory essentially uses the multipole method and gives the sum of multipoles

S2(0O) 0
scatters as the coefficients of the scattering amplitude matrix, i.e.,
0 Si(©)
These coefficients are given by
o~ 2n+ 1
7 ©) = T (O b (0)], 1.20
51(0:50) = 3 2 lanm(8) + b (O) (1.20)
o
2n+1
7 Q) — W Tn b, , 1.21
Sa(a0) = 3 Ly nn(©) 4 b, (©) (1:21)

where = = 2ma/\, n is the relative refractive index of the spherical particle to the

medium, n is an integer that indexes an infinite series, and a,, and b,, are given by:

/

o = £n(@)eny) = men@)en(y) (1.22)
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y — men(@)@n () = on()en(y)
" mGa(@) e, (y) = Gu(@)en(y)

where ¢ and ¢ are Ricatti-Bessel functions (the prime indicates the derivative) and

(1.23)

y = nx. m is the complex refractive index of the particle relative to the surrounding

medium. The 7,, and 7, are Legendre polynomials.

The intensity of the scattered field can be calculated as

i(w;7;0) = |S7(©)], (1.24)

iz(w;7;0) = |S3(0)] (1.25)

and far field intensity of the scattered field is given by

It = k LB, (1.26)
s 12 7

The far field spherical electric fields components in the spherical coordinate system are
given by
i

Eo = Hg = Heikrﬂkz cos(¢)S2(0), (1.28)

—Ey = Ho = kie““““kz sin(¢)S1(©). (1.29)

T
Once the scattering coefficients S1(0) and S2(0©) are found, one can plot the radiation
pattern for sphere of a given size. The scattering and extinction cross section of the

spherical nanoscatters and equations are given by

Q< = }:2n+1 (Jaz| + |02]) . (1.30)

Qe = Z (2n + 1) Re (an + by) - (1.31)

When a spherical particle is excited, it stores the energy and re-radiates it into the
surrounding space. During the process, some amount of energy is absorbed by the

material and converted into heat. In general, the losses in the dielectric material are

WEimag + O

defined in terms of loss tangent tand = , where o is the conductivity of

Ereal
dielectric, and €req1 and €jmag are real and imaginary part of permittivity of the dielectric.

This loss tangent is much smaller than unity (tand < 1), but it is also a function of
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FIGURE 1.7: Mie scattering of Si nanoparticle with 140 nm size in vacuum.

size, shape and wavelength. A correct way to calculate the losses is based on the use of

the absorption cross section of the particle given by

Qabs _ Qext _ Qscat' (132)

The above introduced parameters are very useful to define the far-field characteristic of
spherical particles. Here, few points must be noted. Mie analysis is exact only if the
shape of the particles is spherical. Also, it is independent upon the medium and type
of the material of the nanoparticles. There are many open-source platforms available to
calculate the Mie coefficients [31), B2]. Here, we consider a case of Si nanoparticle with

a diameter of 140 nm. The scattering efficiency and extinction coefficient are plotted in

Fig. [31].

The Mie scattering analysis is very important to understand the underlying physics of
nanoparticles. It provides the inside details of the field (near field) pattern as well as
scattering (far-field) behavior of a nanoparticle. Fig. shows the two peaks in the ex-
tinction cross-section (ECS) of the Si nanoparticle. By analysis of the near field pattern
(as shown in Fig. [1], one can observe that there exist two dipolar fields associated
with an electric dipole and a magnetic dipole. The first resonance (on frequency scale)
arises when the incoming wavelength is of the order of the diameter of nanoparticles
Ao = ngpDsp, where ng), is the index of refraction the nanoparticle material and Dy, is
the diameter of the nanoparticle. This is known as magnetic dipole (md) resonance due
to its specific field pattern as shown in Fig. [L.8| (b) [I]. It is worth to note, that the

origin of dipolar magnetic resonance is completely different in comparison to SRR. The
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FIGURE 1.8: A spherical Si nanoparticle (140 nm in diameter embedded in silicon oxide

medium) is excited by plane wave. The plot shows electric fields distribution at 476

and 580 nm in (a) the electric dipole field pattern, and (b) the magnetic dipole field
pattern [1].

origin of the magnetic resonances in the dielectric nanoparticle is due to the existence of
circulating electric field within the nanoparticle, while SRR has magnetic resonance due
to the ring shape where oscillating electric fields create the artificial magnetic response.
Since the dielectric nanoparticle supports the concentric circulating electric field within
the nanoparticle, the magnetic response of dielectric nanoparticle is very strong and
can be observed even in visible range [I]. The second resonance is electric dipole (ed)
resonance where the electric field is concentrated on the surface of the nanoparticle. Its

field pattern is shown in Fig. (a) [].

If we extend the spectrum of the ECS, it is observed that there exist higher-order
multipole modes, see Fig where the electric quadruple (eq) and magnetic quadruple
(mq) resonances are visible at 390 and 410 nm. A systematic study of these resonances
can be found in [I], see Fig. Note that the refractive index for most practical
dielectric materials at optical frequencies is very limited, being above 1 and below 3.5.
For instance, at optical frequencies, silicon has highest refractive index of around 3.5.
The order of the magnetic and electric dipole and quadruple resonances remains the same
for a large part of the n range. The resonances peak is also function of the host medium,

and resonance peak may have different spectral locations for the different media.

The Mie analysis helps to design the high-efficiency metasurfaces in transmission and
reflection mode. It is possible to design the Huygens’s source, which scatters the light
only in the forward direction. This can be done by breaking the symmetry of nanopar-

ticle and allow the overlapping of the electric and magnetic resonances. The forward
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FIGURE 1.9: The sequence of occurrence of different field pattern inside the sphere [IJ.

scattering of two dipolar modes is sum up due to in-phase radiation pattern, and back-
ward scattering is cancelled due to out of phase radiation pattern and results in nearly
unity transmission with a total phase shift of 27 [33]. The process of back-scattering
cancellation is known as Kerker effect [34]. This makes the dielectric nanoresonators
a potential candidate to design high efficiency transmitting metasurfaces [35] [36]. The
simplest possible structure to design the Huygens’s source is a cylindrical shape, where
the diameter and height of the nanocylinder are tuned to overlap the electric and mag-
netic dipole modes [36]. There are also several other designs which have been proposed
to achieve high-efficiency transmitting metasurfaces [37].

If the size of the dielectric nanoparticles is comparable with respect to the incoming
wavelength of the wave, one can excite the hybrid Mie Fabry-Perot modes. By proper
optimization of hybrid modes, one can achieve near unity transmission [38, B39]. The
different shapes of dielectric nanoparticles give an additional degree of freedom to excite
complex resonances. By proper optimization of the resonance, one can achieve high ef-
ficiency in transmission mode, as well as in reflection mode. An extra degree of freedom
can be added by using non-symmetric shapes of nanoparticles, which can excite indi-
vidual resonances for each state of linear polarisation. One can excite also multi-modes

for each state of polarization and combine them to achieve high-efficiency broadband

resonances [40, 41].
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1.2 Modelling of metasurfaces

It should be noted from equation that the phase gradient across the interface has
to be a continuous and slowly varying function to satisfy the generalized Snell’s law. In
practice, this is difficult to achieve, so the phase gradient is introduced by discretization
of the interface at the subwavelength scale using nanoantennas. Since it involves the
phase modification approach at the subwavelength scale, a ray-tracing method cannot be
accurate due to interference and diffraction of the waves. One should solve the full wave
Maxwell’s equations to achieve an accurate analysis of metasurfaces. There are different
methods to solve Maxwell’s equations [42, [43]. Each method has its own advantages
and disadvantages, but the end analysis should be the same, i.e., it is always carried out
in terms of electric and magnetic fields. The discussion of different methods for solving
wave equations is beyond the scope of this thesis. In most cases, a finite difference
time domain (FDTD) solver can be used for metasurfaces design and analysis. FDTD
method shows reasonable accuracy when compared to experimental results. It should
be noted, that there are other methods available that can do exactly the same analysis
as FDTD can. So, the choice of methods is arbitrary and one can choose any method

for metasurface analysis, depending upon the resources and availability of the software.

In this thesis, I have used a commercially available Lumerical FDTD solver for metasur-
face design. Lumerical FDTD solver interface is very user-friendly and easy to calculate
most of the parameters using inbuilt standard functions. The inbuilt analysis group
can be used for additional post-processing calculations, such as extinction cross-section
or quality factor. The FDTD methods discretize the structure in the rectangular grid
and calculate the fields (electric and magnetic) using iterative methods based on given
boundary conditions. The user has full control over the mesh grid to adjust the accuracy
and simulation time. It is always recommended to perform a convergence test to achieve
reasonable accuracy by adjusting the mesh size and simulation time. Additional help

and support information is available on the webpage [44].

1.3 Purpose of the Thesis

The purpose of this work is to develop a new way of design and fabrication of all-
dielectric metasurface based devices. There are already a bunch of groups that have

presented different applications of metasurfaces. I began my research work with one
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of the key areas of color filters design for display applications. Although the details of
the motivation of color filter devices are discussed in Chapter 2, my main motivation to
select the color filters applications is because of direct implementation of metasurfaces

in advanced display devices.

In the past, most of the color filter design and research was related to plasmonic based
color filters [45]. A very little attention was given on all-dielectric color filters [46], [47].
My goal was to improve the performance of color filters and make it suitable for in-
tegration with on-chip silicon platform. So, I decided to look for the possibilities for
silicon-based high-efficiency all-dielectric color filters. It is well known, that silicon is
moderately lossy in the visible range. So, the goal was to engineer the resonances of
the silicon nanoparticles to achieve high-efficiency wide gamut color filters. As dis-
cussed in Sec. 1.2, the resonances of the dielectric nanoresonator can be tuned at visible
wavelength by selecting appropriate dimensions and geometry. We proposed to use a
cross-shaped silicon nanoresonator to overlap the electric and magnetic resonances in

the visible range, to achieve high efficiency. This will be discussed in Chapter 3.

Another important aspect of color filter design is to achieve a tunable response. Once
we fabricate the all-dielectric based color filters, ideally one cannot change the response
of the color filters, since it depends on the size and refractive index of the nanoresonator
material. So, this is another key topic, to design tunable color filters. We proposed to
use the non-symmetric nanoresonator design to achieve polarization tunable color filters.
Since the dielectric nanoresonators have highly confined mode within the nanoresonators,
it is possible to confine the energy for two different states of polarization within a non-

symmetric nanoresonator. The details are discussed in Chapter 4.

Although, the polarization tunable color filters are interesting, the above-mentioned
method has two important limitations. First of all, it requires a polarization-dependent
source to achieve a tunable response, which may not be possible for all cases. Also,
there is no way to dynamically tune the response to a wide range of colors. Therefore,
an alternative approach is required to tune the response. In Chapter 5, we propose to
use a liquid crystal integrated with an aluminum nanograting to achieve the voltage
tunable color filters. The liquid crystal’s index of refraction is anisotropic and can be
tuned by applying electric field. When an aluminum-based grating is sandwiched within
the liquid crystal, it changes the response in the presence of external biasing voltage.

This is discussed in chapter 5.



Chapter 1. Introduction to metasurfaces 18

The concept of the metasurfaces is very general and has been used to design various
optical components. In particular, metasurfaces have been exploited to design light
guiding components, i.e., metalens, hologram, as well as, waveguide and mode convert-
ers [2, [48]. So, I extended my research to demonstrate the guiding of light in a specific
area of photonic crystal slab (PhC) by modifying surface impedance using metasurface.

This is described in Chapter 6.

1.4 Thesis Outline

Since a major part of the thesis involves the design analysis and fabrication of color
filters devices, it is important to understand their working principle, functionality and
importance in a digital imaging system. Chapter 2 presents a brief introduction, working
principles, and the importance of color filters in the digital imaging system. It also

explains the advantage of dielectric nanoantennas based color filter design.

Chapter 3 is dedicated to the silicon nanoantennas based color filter design. The cross-
shaped nanoantennas design is proposed. The main goal was to design color filters
with high efficiency and extended gamut on CIE 1934 chart. The idea was proposed by
prof. R. Hedge based on his previous work of the metallic nanoantenna printing beyond
the diffraction limit [49]. I performed simulation and optimization of the nanoantennas
geometry using Lumerical FDTD solver. The final design was fabricated at II'T Bombay,
India, where Gayatri Vaidya was involved to perform electron beam lithography (EBL).
Finally, I did the measurements and validated the results of simulations. The manuscript
was written based on the discussions with Prof. R. Hedge, Dr. A. Serebryannikov (co-
supervisor), and Prof. M. Krawczyk (supervisor). We also discuss the manuscript with
Prof. Nicolas Bonod, who is a world recognized expert in the area of metasurfaces. The

chapter is published in the ACS Photonics [50].

Chapter 4 is the extension of the work of Chapter 3 to design tunable color filters. We
used asymmetric nanoantennas based design approach therein. I performed the FDTD
simulations using Lumerical for design and optimization. The device was fabricated
at CEN laboratory, IIT Bombay, India. Gayatri Vaidya wrote the mask using EBL. I
performed measurements with the aid of a polarization tunable optical microscope to
validate the results. The results were discussed and analysed by my co-supervisor and
supervisor. Dr. Pawel Gruszecki helps me to plot visualize the data using Python. The

manuscript was reviewed by all co-authors and published in Scientific Reports [51].
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Chapter 5 is the outcome of my research visit to Taiwan. This research was done in Prof.
Chen’s group at NCTU Taiwan University during my 4 months visit under NCTU elite
internship program. The goal of this research was to design electrically tunable color
filters. The integration of color filters with a liquid crystal (LC) was proposed to achieve
tunable color filters. A low voltage (less than 5 volts) was used to tune the response of
the color filters. The idea was proposed by Prof. Chen. The color filter was designed
and simulated by Mr. Zu-Wen Xie, I was involved in the optimization of design and
results analysis. The device was fabricated by Mr. Zu-Wen Xie with the help of Dr.
Jhen-Hong Yang. Prof. Lee helps us to understand the working principle and use of
liquid crystal (LC). The chapter is published in Optics Express [52].

Chapter 6 is dedicated to another new application of metasurfaces, it is control of the
propagation of light using surface impedance modification. In this chapter, a photonic
crystal waveguide is designed using high index silicon nanorods. The rods in the waveg-
uide are covered with thin metal caps, playing a role of metasurface. The light bending
and channeling is achieved in a volume-mode regime by just modifying the surface of
the photonic waveguide. The idea was proposed by Dr. A. Serebryannikov. I performed
the FDTD simulation to design the photonic crystal waveguide, contribute to the result

analysis and writing the manuscript. The chapter is published in Optics Letters [53].

The last chapter is the summary and outlook of the work done in this thesis with the
concluding remarks. It also presents a future possible direction work based on this

thesis.



Chapter 2

Introduction to Color Filters

A pixel [54] is a fundamental unit of an imaging system and photodetectors are the
key components of a pixel. The physical size of the photodetector decides the size of
pixel and that, in turn, decides the resolution of any digital imaging system. Gener-
ally, photodetectors are solid state semiconductor devices which detect the intensities of
light almost insensitive to the wavelength. Photodetectors usually represent a comple-
mentary metal oxide semiconductor (CMOS) sensor which converts the photons into an
electrical signal that, in turn, determines the intensity of light. The fundamental size of
the pixel is decided by the physical size of the photodetector. With the development of
new fabrication techniques, it becomes possible to achieve the significantly small size of

photodetector but still the pixel resolution is limited to microns size.

The reason for pixel size limit is another important device which is placed on top of the
photodetector, so-called color filter array (CFA). Since the photodetectors are almost
insensitive to wavelength, the CFA is used to separate the intensity of color. The CFA
design was first proposed by Bryce Bayer, an American scientist work with Kodak
company. In 1976, Bryce Bayer used twice as many green elements as red or blue
to mimic the physiology of the human eye, since human eyes are more sensitive to
green color. This pattern arrangement is known as a Bayer filter (also known as RGB
filter) [55] shown in Fig. [2.1] It consists of a repeated pattern of one red, one blue and

two green filters. When white light passed through the Bayer filter, the photodetectors

20
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FIGURE 2.1: Bayer (RGB) color filter on the left. Right side shows the schematic
operation of Bayer filter with photodetector (sensors).

detect the individual intensity of red, green, and blue light. The raw output of Bayer-
filter cameras is referred to as a Bayer pattern image. The raw image data captured
by the image sensor is then converted to a full-color image (with intensities of all three
primary colors represented at each pixel) by a demosaicing algorithm which is tailored
for each type of color filter. It should be noted that this color signal represented by the
photodetector is not what human eyes sees. The converted signal of RGB intensities
is further processed according to chromaticity matching function to match with human

vision.

The CFA is aligned on top of the photodetectors, so that each photodetector only re-
ceives light with a predefined wavelength of the filters with no crosstalk. The minimum
resolution of the pixel is decided by the resolution of the CFA. The CFA is made of pig-
ment photoresist material [56, [57]. These materials are usually polymer, which are a few
microns thick, absorb some visible spectrum, and allow a range of wavelengths to reach
to CMOS sensor as shown in Fig. Although the polymers provide a high quality of
separation between the colors, the pigment based color filters suffer of many problems.
It should be noted, that the absorption of the CFA is dependent upon the polymer ma-
terial and its thickness. Since polymers are not compatible with the CMOS fabrication
process flow, the CMOS sensors and CFA are fabricated separately, and it requires an
additional aligner process. The CFA is aligned with the CMOS sensors, so that each
photodetector receives light with a specific wavelength with almost no cross-talk. The
process of alignment becomes even more complicated when the pixel resolution is very
high, i.e., individual pixel size is very small. This imposes a secondary fundamental limit
on pixel resolution. In addition to this problem, CFAs also increase the overall size of
the display system. In order to absorb the light, the thickness of the polymer is of the

order of microns depending upon the materials.
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FIGURE 2.2: The absorption coefficient of Si wafer for different depth of penetra-
tion [60].

In addition, polymers degrade over time, so one should keep replacing the filters from
time to time to maintain a good quality of the detector. Moreover, the pigment-based
dyes are not environment friendly, so it is not easy to recycle them. New materials
have been proposed to solve the problem of CFAs and pixel resolution has improved
significantly over the years, but the fundamental problem of CFA alignment and large
thickness is still an open problem of research.

An alternate solution to the problem of CFA resolution is addressed by the Foveon X3
sensor [58] designed by Foveon, Inc. [59]] and manufactured by Dongbu Electronics. In
this sensor, three photodiodes are vertically stacked on a silicon wafer. It is possible
due to different wavelengths of light penetrating into silicon at different depths. The
absorption of Si with respect to penetration depth is shown in Fig [60]. Each of
the three stacked photodiodes stacked on a Si wafer respond to different wavelengths
of light. Finally, post-processing is done based on the absorption of the light by each
photodiode. Comparison of Foveon X3 sensor based filter with CFA is shown in Fig.

Despite the fact that Foveon X3 increases the true resolution of an imaging system
and provides a solution for pigment based dyes, the main challenge of miniaturizing an

imaging system is still an issue. This is because the absorption of Foveon X3 sensor

*Now a part of Sigma Corporation.
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FIGURE 2.3: Comparison of Foveon X3 based color filter with CFA. [Image courtesy:
Foveon, Inc.]
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FIGURE 2.4: Thickness of Foveon X3 based color filter imaging system. [Image cour-
tesy:Foveon, Inc.]

is dependent upon the absorption of Si wafer in visible range. So, the thickness of the

Foveon X3 based imaging system is of the order of few microns as shown in Fig. 2.4

Another way to design color filters is to use structural resonances. Structural resonances
occur due to the interplay of light interaction with the tiny structure. This concept is

inspired by the colors that exist in nature. When the tiny structure is arranged in
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FIGURE 2.5: Real color image of the blue iridescence from a Morpho rhetenor wing [61].

a periodic fashion, it results in reflection at specific wavelength due to light-matter
interaction. Structural color resonances have been found in nature and attempts have
been made to reproduce them artificially. Figure shows the periodic arrangement
of tiny nanostructure arrange on a butterfly wing, which results in beautiful color [61].
Interestingly, Newton also predicted the colors of peacock feathers as due to the thin-film

interference [62].

The structural colors were artificially produced using nanoparticles already in the ancient
time. The Lycurgus cup by Roman glassworkers in the 4" century is an interesting
example. When the light illuminates it from inside and outside, it shows the two different
colors due to the interaction of light with gold nanoparticles [63]. The main limitation
of the structural color is the resolution. The structural colors are limited with the

resolution of the order of wavelength.

Plasmonic color filters suggest a way to achieve resolution even below the diffraction
limit. The plasmons are strongly localized within the metal layers and strongly interact
with the light. It is also possible to localize the plasmons within the nanoparticles placed
on the surfaces, if the size of the nanoparticle is of the order of the incoming wave length.
In this case, localized surface plasmons polariton can appear. Plasmonic CFAs are
designed using the tiny nanoantennas which interact with the incoming light. Localized
surface plasmons are excited at the surface of the nanostructure and result in reflection
at wavelengths corresponding to particular colors. Interestingly, plasmon resonances
can be tailored by changing the geometry of nanoantenna [64]. Different materials and

designs have been proposed for color filters which use the effects of surface plasmons.
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In some studies, the color printing with the resolution even below the diffraction limit
has been proposed [49]. Nevertheless, there is one problem with plasmonic color filters,
which occurs due to high losses in metals. As already discussed in Chapter 1, metals
are significantly lossy at optical frequencies and thus limit the efficiency of color filters,

and allow the filtering only in reflection mode.

In the recent years, dielectric materials are considered as the emerging materials for
optical devices. They have low loss compared to metals at optical frequencies. So they
can be used to design high-efficiency color filters in reflection, as well as transmission
mode. Dielectric based CFA are easily compatible with CMOS fabrication process flow.
This is a key area of research in optics to design color filters using nanoantennas, which

can be used to replace the pigment-based CFA in the future.

In the subsequent Chapters 3, 4, and 5, the different methods of designing the CFA
using dielectric nanoantennas will be discussed. In Chapters 3 and 4, we discuss the
methodology of designing all-dielectric color filters based on Si nanoantennas. In Chapter
5, we discuss the tunable color filters, in which an aluminum grating is integrated with

a liquid crystal.



Chapter 3

All-Dielectric Metasurfaces Color

Pixels with Extended Gamut®

Printing technology based on plasmonic structures has many advantages over pigment
based color printing such as high resolution, ultra-compact size and low power con-
sumption. However, due to high losses and broad resonance behavior of metals in the
visible spectrum, it becomes challenging to produce well-defined colors. Here, we in-
vestigate cross-shaped dielectric nanoresonators which enable high quality resonance in
the visible spectral regime and, hence, high quality colors. We numerically predict and
experimentally demonstrate that the proposed all-dielectric nanostructures exhibit high
quality colors with selective wavelengths, in particular, due to lower losses as compared
to metal based plasmonic filters. This results in fundamental colors (RGB) with high
hue and saturation. We further show that a large gamut of colors can be achieved by
selecting the appropriate length and width of individual S7 nanoantennas. Moreover,
the proposed all-dielectric metasurface based color filters can be integrated with the well

matured fabrication technology of electronic devices.

3.1 Introduction

With tremendous changes in nanotechnology over past few decades, it becomes possi-

ble to fabricate devices which promise to revolutionize many areas. Examples include

*This chapter is published in ACS Photonics [50]
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ultra-thin planar lens [2} [65], optical sensing [66] 67], photo-voltaic devices [68, 69], non-
fading colors [70], and various holography based devices [71, [72]. In particular, color
pixels using nanoparticles have gained significant attention in recent years because of
several advantages over pigment based color printing techniques like high resolution [73],
high contrast, everlasting colors, significant low power consumption, and recyclability
of product [74]. The concept of structural color printing is inspired by observations
in nature, such as morpho butterflies, beetles, and the feathers of peacocks [75HT78].
However, these colors are highly sensitive to the variations in the angle of incidence,
shape, and size of the nanostructure. To make this plasmonics based structural tech-
nology more mature, its angle dependency [79, [80], sensitivity to polarization, and ease
of fabrication must be taken into account. In recent years, many efforts have been done
to study the aforementioned issue in plasmonic color printing [49, 81H88]. Earlier, the
most commonly used materials for plasmonic nanostructure based pixels have been gold
and silver [89, [00]. Gold has interband transition in the lower visible regime [89], while
silver is suitable for the entire visible range but is susceptible with the native oxide that
spoils the stability of colors. Moreover, gold and silver are not economical for large
scale integration. Aluminum is probably the most prominent candidate [91]. It is more
robust and economical for large-scale fabrication [70]. However, it shows lower quality
(i.e., broader) resonance in the visible spectrum than gold or silver, especially at 800nm
wavelength, where interband transition takes place. Ultimately, all these metal based

plasmonic devices show significant losses within the visible spectrum.

On the other hand, all-dielectric metasurfaces can be a promising solution with sig-
nificant advantages over metallic nanostructures such as high quality resonances and
low intrinsic ohmic losses [33, [92H99]. Silicon based all-dielectric devices have been re-
ported for local manipulation by wavefronts, such as beam diversion, vortex plates and
light focusing using meta-lenses [33], 37, 38|, 100, 10I]. The advantages of Si nanodisks
are high refractive index and ease of fabrication with well established CMOS technol-
ogy. Interestingly, the high refractive index allows to manipulate by magnetic and
electric components of light simultaneously. In the case of metal based nanoantennas,
absorption losses can be significant at visible spectrum, while interaction with magnetic
component of the incident beam requires more complex shapes. Recently, an inves-
tigation has been conducted to demonstrate the possibility of using silicon-aluminum
hybrid nanodisks [102] [103] to create colors of high quality. Silicon nanoparticles were

proposed as a valuable alternative to plasmonic nanoantennae for the design of color
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pixels [46], 47, [99] [104]. However, the potential of all-dielectric resonance structures is

presently very far from being fully estimated and exploited.

In this work, we propose a systematic approach to build color filters by using advantages
of cross-shaped Si nanoresonators, which are closely spaced to each other to create a
metasurface. Recently reported numerical studies of the nanocross geometry [99] have
indicated that a broader gamut of colors is possible in comparison to simpler shapes
like the cylinder (disk). The main goal is to obtain a high quality (narrow) resonance
throughout the visible spectrum that enables an extended gamut with colors of high pu-
rity. It is known that S7 nanostructures of different shapes typically offer an opportunity
to excite individual electric type and magnetic type Mie resonances, or both resonances
simultaneously [I]. In fact, it has been demonstrated that by tuning the aspect ratio
carefully, one can overlap both resonances to achieve near unity transmission [100]. In
this paper, the all-dielectric metasurfaces are used in reflection mode. A very confined
energy is concentrated within the structure due to the high quality of the used Mie

resonarnces.

The main hypothesis that we follow here is based on the expectation that a proper
manipulation by the selected Mie resonances may enable desired improvements of the
resulting resonance quality owing to better confinement of resonance fields and, simulta-
neously, removal of secondary (unwanted) spectral features, so that enrichment of colors
can be achieved. We decided in favor of cross-shaped Si nanoresonators as building ele-
ments, which are expected to be suitable [99] for achievement of the goals of this study.
Each of them is made of two identical orthogonal rectangle-shaped S% nanoantennas.
In this case, resonances are governed by cross-shaped nanoantennas and thus, colors
can be controlled via all three geometrical parameters of individual nanoantennas. This
gives a new degree of freedom as compared to the nanodisks, that is highly demanded
for efficient optimization. Using the suggested approach, we predict by simulations and
confirm experimentally that one can easily achieve a high quality resonance for the en-
tire visible spectrum by carefully choosing the length and width of the cross-shaped

nanoresonators.
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FiGURE 3.1: Perspective view and SEM images of the all-dielectric meta-
surface, extinction cross section (ECS) spectra and reflectance spectra, and
reflectance vs polarization angle. (a) Schematic representation of the array of
cross-shaped S7i nanoresonators on top of the quartz substrate. The thickness of the
substrate ¢ = 275um. For each nanoantenna, height A = 140nm, length L and width
W are scaled to achieve different colors. The center-to-center distance between the
two nanoresonators (lattice constant) is P = 250nm. (b) Top view of SEM images of
the fabricated structure with P = 250nm. A 45° cross section view is added in the
inset. (c) ECS spectra in case of Si and Al nanoantennae. Two peaks arising in the
former case are due to electric type and magnetic type resonance (see supplementary
information for the field patterns), while there is only single broad resonance in the
latter case. The inset shows the reflectance spectra for the same two structures. The
length, width and height are 100nm, 50nm and 140nm, respectively. (d) A colormap of
simulated reflectance spectra of the Si based metasurface at polarization angle varied
from 0° to 360°.

3.2 Results

Let us start from the general geometry and basic operation principles of the proposed
devices. Figure a) presents the perspective view of the proposed all-dielectric meta-
surface together with some details of geometry. The cross-shaped Si nanoresonators are
deposited on top of the quartz substrate (see Methods of fabrication). The height of
nanoantennae is selected as 140nm (in subwavelength range). Figure b) represents
the top view of SEM image of the device. A 45° cross section view is also added in the
inset for the same fabricated device. For the studied S7 structure, extinction cross sec-
tion spectrum is presented in Fig. |3.1)c). Two resonance peaks are observed at 465nm
and 520nm. They can be tuned throughout the visible range by changing the length-to-

width aspect ratio of individual rectangle-shaped nanoantennas. The Si nanoresonator
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dimensions have been optimized to excite these two resonances as close as possible but
without a full overlapping. In addition, the criterium of minimizing unwanted spec-
tral features has been applied in order to obtain more gradual behavior in the working
spectral range. As follows from the obtained simulation results, optimization yields a
resonance range that is narrower and, thus, corresponds to a resonance of higher quality,
as compared to the case of Al cross-shaped nanoantennae, see Fig. c). We have also
compared the simulated reflectance spectra for the metal and Si based structures at the
same dimensions [see Fig.|3.1|(c), inset]. These results confirm that the metal nanostruc-
ture features broader resonances than the engineered Si one. An important advantage
of cross-shaped nanoantennae is that they preserve the polarization independence. As
an example, Fig. d) presents the simulated reflectance spectrum for the entire range
of polarization angle variation and entire wavelength range considered. The obtained
results confirm that there is no change in the reflectance spectrum when the polarization

angle is varied.

Since a specific color results from resonant interaction of light with nanoresonators, it
can be obtained from adjustment of geometrical parameters that properly affect spec-
tral locations and properties of Mie resonances. The possibility of obtaining multiple
colors with the aid of metasurfaces like that in Fig. |3.1[(a) and (b) is demonstrated in
Fig.[3.2] The length and width of rectangle-shaped Si nanoantennae are simultaneously
linearly scaled in order to tune the electric and magnetic type resonances in the en-
tire visible spectrum from 400nm to 700nm, as shown in Fig. 3.2(a) for P = 250nm.
A commercial-grade simulator based on the finite-difference time-domain method [44]
is used to perform the calculations. They are conducted for a unit cell with periodic
boundary conditions, and varied lattice constant from 250nm to 350nm, by keeping the
periodicity in the subwavelength range (see Methods, Simulation). Each spectral zone in
Fig. (a) corresponds to a specific color. It is clearly seen that the electric and magnetic
type resonances can be tuned through the entire visible wavelength spectrum, as desired.
Conversion of reflectance spectra into colors on CIE1931 chromaticity diagram can be
performed, in the general case, by using an open source Python program [105]. The
results of conversion of the spectra shown in Fig. |3.2((a) are presented in Fig. |3.2(b).
Generally, a higher quality of resonances corresponds to a better approaching to the
boundaries of the chromaticity diagram and, hence, enable higher quality and wider
gamut of colors. Complete details about color visualization using reflectance spectra are
given in supplementary information under section color representation from reflectance

spectra.
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By operating the metasurface in reflection mode, a broad spectrum of colors for highly
selective wavelengths (i.e., high quality colors) can be obtained. In principle, colors can
be generated by using either additive or subtractive approach [106]. Here, we have used
the additive approach. Ideally, the reflection spectrum must be as narrow as possible in
order to generate a very specific color. A narrower resonance represents a more specific
wavelength color, whereas the amplitude of the peak decides the saturation level of the
color. With the aid of high quality narrow resonances, we improve the approaching to the
boundaries of CIE-1931 chromaticity diagram, so a color of higher quality and a wider
gamut of colors can be obtained, as desired. We experimentally found that different col-
ors can be obtained at different values of period (P, lattice constant), which correspond
to the scaled length (L) and width (W) of the nanoantenna, see Fig.|3.2(c). Each square
in Fig. c) corresponds to a unique set of geometrical parameters. The lowest series of
the squares shown here corresponds to the structures, for which reflectance spectra are
presented in Fig. a). Thus, the resonance region corresponds to different colors at
different values of P, see Fig. S4 in supplementary information. This dependence occurs
owing to the coupling of resonance fields of nanoresonators. The use of larger values
of P allows us to create a richer variety of colors, as we have more choices to increase
the length and width. We have observed different colors under optical microscope due
to variations in lattice constant (P) from 250nm to 350nm, see Fig.[3.2(c). The lattice
constant was increased here by a reasonable increment of 20nm to make it feasible for
fabrication process. Although it might be hard to distinguish between the highly satu-
rated colors in Fig. [3.2|(c), the reflectance spectra in Fig. |3.2a) and the corresponding
CIE-1931 chromaticity diagram in Fig.|3.2(b) give us a clear picture about it. In fact, a

color gamut can be possible by making a matrix between the scaled lengths and widths.

The fact that two resonances, which are observed in Fig. [3.2((a) at different values of L
and W, are closely spaced makes fabrication of a particular color possible, that is un-
likely in case of metal based plasmonic structures, because they show a broad resonance.
Moreover, it is possible to create a selective wavelength color due to sharp resonances,
particularly in the lower part of the visible spectrum. It is observed in Fig. E(a) that
as we increase the size of cross-shaped resonators some additional Mie resonances are
also excited, in coincidence with the predictions based on the simulation results. These
resonances reduce the hue and saturation of red color, because of mixing contribution
of different frequencies. So the red color seems to be the most difficult one to fabricate.
Below, we will show that in spite of the above-mentioned difficulties the suggested struc-

ture allows us creating fairly red colors by carefully adjusting the values of P, L, and
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W. Thanks to this adjustment, the unwanted effect of higher-order resonances can be

minimized.
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FIGURE 3.2: Reflectance spectra (simulation), corresponding chromaticity
diagram, and photograph of experimental images of the array visible under
optical microscope. (a) Unit-cell simulation results for cross shaped Si nanores-
onators on quartz substrate; the initial values of geometrical parameters are L = 65nm,
W = 35nm, and P = 250nm. L and W are linearly scaled from 65nm to 195nm and
35nm to 105nm, respectively, from bottom to top. The resonances are redshifted in
the visible regime, as schematically shown by arrows. (b) Representation of reflectance
spectra on standard CIE 1931 chromaticity diagram for P = 250nm. (c) Experimental
colors visible under optical microscope for different values of P which are varied from
250nm (the lowest series) to 350nm (the most upper series) with step of 20nm (from
the lowest series to the most upper one); L and W are linearly scaled from 65nm to
260nm and 35nm to 140nm, respectively; with & = L/min(L) = W/min(W).

The three primary colors (RGB) represent the fundamental unit for color printing tech-

nology. All the other colors in the RGB gamut can be derived by mixing the primary

colors appropriately. Figure [3.3| presents the results of a detailed experimental demon-

stration of the suggested devices in the form of pixels. A dual characterization is done to

ensure the results by measuring the reflectance spectra of the samples with the aid of a

home-made customized setup and observing the colors directly under optical microscope
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(see Methods, Optical characterization). Figure[3.3|(a) shows the experimental and sim-
ulated reflectance spectra for highly saturated primary colors. These results show good
agreement with each other. Figure (b) shows the SEM images obtained at different
sizes of nanoantennas. Insets are added to the SEM images to show the corresponding
colors visible under optical microscope, which are associated with the different sizes of
the cross-shaped nanoresonators. Finally, these three primary colors are fabricated in
a form of pixel, being the main component of any display device. The size of each
square block is 50pum. Details of the used fabrication method are given at the end of
the paper. The optical microscope images shown in Fig. [3.3(c) confirm the quality of
highly saturated primary colors, which is an important advantage of the suggested all-
dielectric metasurface based pixels over the existing plasmonics devices. A CIE 1931
chart is used to represent the simulated and experimental spectra of the primary colors,
see Fig. 3(d). One can see a very small shift in color spectrum, which might come from
fabrication imperfections. It is noticeable that there is good coincidence between two

sets of experimental results.

3.3 Conclusion

Polarization insensitive all-dielectric metasurfaces based on 2D arrays of cross-shaped
Si nanoresonators have been proposed to realize color filters with extended gamut for
the entire visible spectrum. A numerical investigation has been carried out that demon-
strates the principal possibility of obtaining high-purity colors by means of optimization
of resonance properties, which can be realized by a relatively simple adjustment of the
structural parameters. The role of existence and properties of the dual resonance, which
is achieved at a partial overlapping of electric type and magnetic type resonances, and
that of suppression of unwanted spectral features in the obtaining of these advancements
have been clarified. The utilized resonances can be tuned by changing the length-to-
width aspect ratio of individual rectangle-shaped nanoantennas. This concept has been
used to design and fabricate the color filters. Our simulation results reasonably agree
with the experimental ones. Some differences should be noticed that may be connected
with fabrication complexity of the structure. The experimentally demonstrated possi-
bility of obtaining high quality (narrow) resonances, which enable high quality colors, is
the most important result of this work. We have demonstrated the wide variety of colors
for different periodicity and size of cross-shaped nanoresonators. Additionally, we have

demonstrated the primary colors painting in the form of pixels. These colors show high
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FiGUurE 3.3: Simulation and experimental results for primary colors with
SEM images. (a) Simulated and experimental reflectance spectra. The dimensions
of cross-shaped S% nanoresonators (i) L = 85nm and W = 46nm for blue color. (ii)
L = 114nm and W = 62nm for green color and (iii) L = 215nm and W = 116nm
for red color. The lattice constant is 250nm for all three cases. (b) SEM images of
the fabricated structures with the inset view of associated colors. (c) A photograph
taken from Nikon camera attached with 50x lens with NA = 0.65 and the enlarged
SEM image of the nanostructure. (d) A CIE 1931 chromaticity diagram that is used
to visualize the simulated and measured colors.

saturation and hue value. In fact, our device is capable to produce a large panel color
in the visible regime with strong spectral selectivity, provided that the nanoantenna
aspect ratio is properly chosen. By carefully controlling the balance between desired
and unwanted Mie resonances, one can further optimize the color filter, especially in
dark zone of red color. Since the a — Si (amorphous-S7) is the most suitable material for
large-scale fabrication with the existing technology, it can potentially be used for making
low-cost, eco-friendly, high quality, long lasting painting possible for mass production in

the future.
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3.4 Methods

Simulations. We have used Lumerical FDTD solver [44] to study metasurfaces com-
prising the cross-shaped nanoresonators on a dielectric substrate. The materials used
for substrate and cross-shaped nanoresonators are SiOs and Si, respectively. The ma-
terial parameters are taken from default the material library of the used software. A
plane wave ranging from 400nm to 700nm is illuminated from the top of the structure.
Periodic boundary conditions are used in the unit cell along = and y directions. Per-
fect matching layer (PML) boundary conditions were used in the z directions to avoid
any reflection. The reflectance spectra are simulated by considering a unit cell (one
cross-shaped nanoresonator on substrate) with periodic boundary conditions in x and y

directions.

Device fabrication. A piranha cleaned quartz sample (275um thick) is used to fabri-
cate the device. We have deposited a thin layer of 140nm amorphous St using ICPCVD
tool at 300elsius with 150W added microwave power. A single-layer PMMA photoresist
is used for patterning cross-shaped nanoresonators by using Raith 150-Two EBL tool.
An electronic mask is designed using an open source Python program. The exposed
sample is developed using MIBK-IPA (1:3) and an IPA solution for 45s and 15s, respec-
tively. A thin layer of metal (5nm Cr as adhesion layer and 40nm Aw) is deposited
to transfer the pattern on metal layer for lift-off process using four target evaporators.
After lift-off, the sample is etched using plasma asher to get the final pattern. A process
flow chart with step by step details is available in supplementary information.

Optical characterization. A dual optical characterization is done to ensure the re-
sults. The sample is placed under Olympus optical microscope and illuminated with
white light without filter. The colors can be directly seen under optical microscope.
The reflectance spectra are measured using a home-made customized setup. A HL 2000
halogen lamp source is coupled with an optical fiber to illuminate the sample in the
visible range, i.e., from 400nm to 700nm. A 50x objective lens with N A = 0.65 is used
to get tight focusing of light on the sample. The reflectance spectra are measured using
the same objective lens. All the collected data are normalized with respect to the bare
quartz sample. A Nikon camera attached with assembly is used to take the photograph

of the illuminated area.
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3.5 Supplementary information

3.5.1 Simulations methodology

A commercially available Lumerical FDTD solver is used to simulate the cross shaped
nanoresonators (combined noanoantennas). The substrate and cross-shaped nanoan-
tenna materials are Si02 and Si that are available from material library of the solver.
A total field scattered field (TFSF) source is used to calculate the extinction cross section
(ECS) of the single cross shaped dielectric nanoantenna. The used source bandwidth is
extended from 400nm to 700nm. Perfectly matched layer (PML) boundary conditions

are employed in all directions, i.e., x, y, and z. The calculated ECS spectrum is shown

in Fig. 3.4
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FIGURE 3.4: Extinction cross section (ECS) of single cross shaped Si nanoantenna
with length, width and height of 100nm, 50nm, and 140nm, respectively.

In order to get deeper insight, electric and magnetic fields are plotted to clarify the
properties of the nanoresonator modes at 465nm and 520nm. The field distributions
are shown in Fig. (a) and (b). It has to be noticed that at 465nm electric field is

predominant in the center region of the cross, whereas magnetic field is predominant
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there at 520nm, so we refer to these resonances as electric type and magnetic type

resonances, respectively.

The reflectance spectra of 2D arrays of cross shaped Mie resonators are calculated using
plane wave excitation, by varying wavelength from 400nm to 700nm. The plane wave is
incident from the top of the structure shown in Fig. Unit cell simulations are con-
ducted by using periodic boundary conditions in x and y directions and PML boundary
conditions in z direction. We have checked the convergence criteria by taking a very
fine mesh size, i.e., 2nm in all directions. Figure shows the reflectance spectra for

numerous scaled structures, while the period is varied from 250nm to 350nm.
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FIGURE 3.5: Electric and magnetic field intensity pattern in the xy plane for z = 100nm
(a) at A = 465nm and (b) at A = 520nm.

3.5.2 Color representation from reflectance spectra

There are many methods to classify the different colors in different categories based on
their properties. Among them, classification based on primary colors (RGB) is probably
the most general one. When a white light is incident on the surface, it can be reflected at
certain wavelengths, depending on the surface properties. These reflected wavelengths

are perceived by human brain based on human reception system. The response of
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FIGURE 3.6: 3D view of the unit cell of metasurfaces. The structure is illuminated
from the the top by a plane wave.

human visualization is not the same for each wavelength. It is defined in terms of
standard chromaticity matching functions. These matching functions were defined by

Commission Internationale de I’Eclairage (CIE) as followed:

X = [ I\ * CIEX(\) * d(V), (3.1a)
y = / I(A) = CTEY (\)  d(V), (3.1b)
7z - / I(\) % CIEZ(\) + d(\), (3.1¢)

where () is the spectrum of light intensity vs. wavelength, and CIEX(\), CIEY (\),
CIEZ(\) are the CIE matching functions. These CIE matching functions are defined
over the interval from 360nm to 830nm, and are assumed to be zero for all wavelengths
outside this interval. These functions are plotted in Fig. [3.8] All three of them are

positive everywhere within the bound, since the intensity of the light can not be negative.

The chromaticity functions X, Y, and Z are normalized to new scale from 0 to 1. The

normalized functions are denoted by Z, ¢, and 2. The normalization is introduced as
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follows:

P=X/(X+Y +2), (3.2a)
J=Y/(X+Y +2), (3.2b)
p=1-42— 4. (3.2¢)

In the general case, the resulting (Z, §)-plot represents the all possible values of colors

on CIE-1931 chromaticity diagram.

3.5.3 Device fabrication

Piranha cleaning
and deposition of
amorphous Si T

Metal etching

140 nm
Spinning
Plasma etching
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Au metal mask ¢
40 nm

\ 4

Metallization

FIGURE 3.9: Process flow chart.
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A quartz substrate (275um thick) is used to fabricate the device. A standard piranha
cleaning is done to clean the quartz substrate. We have deposited a thin layer of 140nm
amorphous Si using ICPCVD tool at 300°C. We used a 150W microwave power, in
addition to inductive coupled power in presence of 10sccm SiHy, 20sccm Ho and 20sccm
Ar. The process is carried out at very low pressure to get the high quality deposition.
A single layer positive photoresist (PMMA 2%) is used for patterning the cross shapes
at 4000 RPM for 45s. The pattern is transferred to the PMMA positive photoresist by
the Raith 150 electron beam lithography (EBL) tool. This sample is developed using
MIBK-IPA (1:3) and IPA solutions for 45s and 15s, respectively. In order to transfer this
pattern onto metal, we have deposited 5nm Cr (to increase adhesion) and 40nm Awu on
top of the patterned sample. These depositions are carried out with the aid of a thermal
evaporator. After depositing the metal, we have kept the sample in acetone for 15h to
lift-off the metal from the unwanted area. Finally, we have checked the pattern under
optical microscope to confirm the result of liftoff process. This sample is etched using a
plasma etcher, where the metal layer behaves like a hard mask to protect the patterned
area. We used 30sccm ChFs and 10sccm Os to etch the amorphous Si anisotropically.
The process is carried out for 4min. Finally, a Au etchant and a Cr etchant are used
to remove the metal mask layer, which results in the appearance of cross shaped Si
nanoresonators on top of the quartz substrate. A complete process flow is schematically

shown in Fig. 3.9

3.5.4 Optical characterization

A dual optical characterization is done to ensure the correctness of the results. The
sample is placed under an Olympus optical microscope, which is illuminated with white

light without filter. The colors that can be directly seen under microscope are shown in
Fig. 3.100

The reflectance spectrum is measured using a homemade customized setup. A HL 2000
halogen lamp source is coupled with an optical fiber to illuminate the sample in visible
range (400nm to 700nm). A 50x objective lens with NA = 0.65 is used to tight focus
on the sample. The reflectance is measured by using the same objective lens. The data
are normalized with respect to the bare quartz sample. The simulated and experimental

reflectance spectra are shown in Fig. |3.11
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F1cUre 3.10: Colors visible under optical microscope.
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Chapter 4

Polarization tunable all-dielectric

color filters™

Polarization sensitive and insensitive color filters have important applications in the area
of nano-spectroscopy and ccd imaging applications. Metallic nanostructures provide an
efficient way to design and engineer ultrathin color filters. These nanostructures have
capability to split the white light into fundamental colors and enable color filters with
ultrahigh resolution but their efficiency can be restricted due to high losses in metals
especially at the visible wavelengths. In this work, we demonstrate all-dielectric color
filters based on Si nanoantennas, which are sensitive to incident-wave polarization and,
thus, tunable with the aid of polarization angle variation. Two different information can
be encoded in two different polarization states in one nanostructure. The nanoantenna
based pixels are highly efficient and can provide high quality of colors, in particular,
due to low losses in Si at optical frequencies. We experimentally demonstrate that a
variety of colors can be achieved by changing the physical size of the nonsymmetric
cross-shaped nanoantennas. The proposed devices allow to cover an extended gamut of
colors on CIE-1931 chromaticity diagram due to the existence of high-quality resonances
in Si nanoantennas. Significant tunability of the suggested color filters can be achieved
with the aid of polarization angle change in both transmission and reflection mode.
Additional tunability can be obtained by switching between transmission and reflection

modes.

*This chapter is published in Scientific Reports [51]
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4.1 Introduction

The light-matter interaction depends on size and shape of the object. Generally, oper-
ation of a plasmonic color filter is based on separation of the white light components
with the aid of the engineered plasmon resonance. The resonance characteristics can
be statically tuned by altering the physical size of the nanostructure and its composi-
tion, which in turn determine wavelengths, at which light is predominantly scattered,
absorbed, or transmitted [I07]. But what is most interesting and important for prac-
tical applications is that these specific wavelengths also depend on the angle of inci-
dence and polarization of incident light. These dependencies can be efficiently utilized
in design of dynamically tunable color filters that do not need external bias. Several
polarization sensitive color filters have earlier been reported, which operate either in
transmission mode [82), [84] [103], T08-110] or reflection mode [79, IITHIT3]. Most of
the known performances are realized using plasmonic (metal) nanostructures. Earlier,
the choice for realization of these nanostructures was gold and silver. However, gold is
costly for large scale fabrication. It also suffers of interband transitions in the visible
frequency range, while silver faces the problem of aging, since it is highly reactive with
native oxides [89]. Aluminum might be a good choice because of high stability and low
cost [83] 114} 115]. Unfortunately, Al is even more lossy due to interband transition in
visible range. Ultimately, plasmonic color filters have high losses at the visible wave-
length regime. Most of them operate in transmission mode. Few of them operate in
the dual mode that involves reflection and transmission modes [116} [117]. Recently, the
investigations have been conducted with the aim to design and fabricate all-dielectric
based color filters [47, [80) [104] and hybrid ones which combine metallic and dielectric
components [I03]. Another methodology is based on the use of complementary design
methods with the hope of high-quality saturated colors [I18], which can cover a wide
gamut on CIE-1931 chromaticity diagram. However, operation of the filters suggested

to the time is polarization insensitive.

In this work, we demonstrate all-dielectric, polarization sensitive color filters, which
are composed of nonsymmetric Si nanoantennas, unlike the earlier reported ones that
use metal based plasmonics nanoantennas [82) 84] 103, 108]. It is demonstrated that
the proposed color filters are strongly sensitive to the incident-wave polarization due
to nonsymmetric cross shape of the used nanoantennas and, thus, they can be tuned
by changing polarization. The nanoantennas show low losses at the visible spectrum

and high confinement of light. We experimentally demonstrate that our color filters can
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operate in transmission and reflection modes, and can be tuned by changing the incident-
wave polarization in each of these modes. The low losses of Si nanoantennas result in
high quality of colors in both modes. The designed nanoantennas are nonsymmetric
and cross-shaped so two information can be encoded in one physical structure, and then
decoded by using two incident waves with orthogonal polarization states. In contrast
with the recently reported color filters, the proposed color filter combine advantages of
all-dielectric design and related wide gamut of highly saturated colors with advantages

of sensitivity to polarization and dual mode operation.

4.2 Results

Operation Principles. First, let us consider an array of rectangular Si nanoantennas.
It is excited by z-polarized plane wave in the visible range. The nanoantennas are
shown to be scalable by means of the length variation. Width, length, and height have
initially been chosen as 40nm, 60nm, and 200nm, respectively, and then length varied
from 60nm to 200nm. The simulated results for transmittance spectrum are presented
in Fig. (a). A dip in transmission spectrum for certain wavelength corresponds
to certain color selectivity [82]. Thus, in order to obtain different colors for different
nanoantenna lengths, it is necessary to have a transmission dip at the visible spectrum,
and it must be shifted from lower visible spectrum to upper visible spectrum to achieve

any arbitrary color.

As expected, the transmission dip occurs and is shifted towards larger wavelengths, while
the nanoantenna length is increased. The extinction cross section of the corresponding
single nanoantenna is also shifted towards larger wavelengths (see more details in supple-
mentary information, Figure S1). In Fig. (b), the obtained transmittance spectrum
is converted into colors presented with the aid of CIE-1931 chromaticity diagram. One
can see that different colors can be possible by partial scaling of nanoantennas that is
achievable by varying the lengths of rectangular nanoantennas. From the presented sim-
ulation results, it follows that an arbitrary color can be achieved by properly selecting
the length. Using these results, we have selected two rectangular nanoantennas and com-
bined them to form a nonsymmetric cross. Freedom in choice of the length ratio of the
longer (horizontal) to the shorter (vertical) segment allows us to obtain significant differ-
ence in resonance frequency for these segments and make the resulting structure sensitive

to polarization of the incident wave. Thus, operation of the cross-shaped nanoantennas
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FIGURE 4.1: (a) Transmittance of Si rectangular nanoantennas on quartz substrate,
when nanoantenna length is gradually varied from 60nm to 200nm. (b) Representation
of transmittance spectra on CIE-1931 chromaticity diagram; blue numbers indicate
wavelengths in nm for the ideal colors. Black line with circles indicates color changes
when nanoantenna length is varied from 60nm (first circle) to 200nm (last circle); arrow
shows direction in which length is increased. Inset shows unit cell of the simulated
array of rectangular shaped Si nanoantennas with periodic boundary conditions; unit
cell boundaries coincide with equicoordinate surfaces of Cartesian coordinate system.

and metasurface on their basis depends on polarization state. The general geometry
of the designed metasurface is shown in Fig. 4.2 The lengths of the horizontal (L)
and vertical (L,) segments of each nonsymmetric nanoantenna are 150nm and 90nm,
respectively, while the width (W = W}, = W,)) and height (h) are 40nm and 200nm for
the both segments. The nanoantennas form square lattice with the lattice constant of
250nm. The Si nanoantennas are placed on top of the quartz substrate, whose thickness
is t = 275 + 5um, see Fig. 4.2[(a). A schematic illustrating the structure excitation by
using the z-polarized (® = 0°) and the y-polarized (® = 90°) normally incident waves
(@ denotes the polarization angle in the (z,y)-plane) is shown in Fig. 4.2(a), inset. Fig-
ure (b) presents the SEM image of the fabricated structure. The schematic of the

device operating in transmission and reflection mode is presented in Fig. [4.2{c).

Response at each of two orthogonal polarizations is mainly determined by the length
of either the horizontal or the vertical segment. For an arbitrary polarized, normally
incident wave, the combined response, i.e., total transmission due to both polarization

components, is given by the following equation:
T(®,\) = T,(\) sin? ® + T),(\) cos® @, (4.1)

where @ is polarization angle and A is free-space wavelength. T,(\) and Tj(\) mean

transmittance for y-polarized and z-polarized light, respectively.
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FIGURE 4.2: (a) Metasurface composed of nonsymmetric Si nanoantennas placed on top

of quartz substrate; inset schematically shows wave propagation in case of z-polarized

(® = 0°) and y-polarized (& = 90°) normally incident wave. (b) Top view of SEM

image of fabricated device. (c¢) A schematic representation of the color filter operating
in transmission and reflection modes.

In order to illustrate sensitivity of the combined response of the device to variations
of polarization, we performed simulations by changing ® from 0° to 90° with the step
of 10°. The results are presented in Fig. [£.3] One can see that strong redistribution
of the incident-wave energy between the transmitted and reflected waves takes place
in the whole wavelength range considered (see supplementary information, Fig. S2 to
S5 ). Moreover, there is strong sensitivity to the polarization state. For instance, the
lowest Mie resonance is expected to appear for the horizontal antenna segment near
570nm, where the transmission dip appears for one of two orthogonal polarizations,
® = 0°, and then gradually disappears while increasing ®. In turn, the transmission dip
for the second orthogonal polarization, ® = 90°, which should be connected with the
lowest Mie resonance of the vertical segment, appears near 480nm. The obtained results
indicate that different colors can be obtained at different polarization states for a fixed
set of geometrical parameters. As the length of the nanoantenna is increased, a higher
Mie resonance appears for the horizontal segments, which leads to the additional dip of
transmittance at 420nm when ® = 0°. More details regarding the effect of variation of
® are given in supplementary information in Fig. S2 to S5. Two cases in Fig. are
interesting from the physics point of view, in which dependence on ® tends to disappear.
However, they are out of interest for the studied tunability mechanism which needs, in

the contrast, strong sensitivity to variations in ®.

To further clarify the operation principles of individual nanoantenna as a nanopixel, we
have drawn the field distributions for the cross-shaped nanostructure for two orthogonal
states of polarization of the incoming wave. Each nanoantenna segment, i.e., vertical
and horizontal one, responds individually when electric vector of incident wave align

with the geometry. In Fig. [£.4] electric and magnetic fields are plotted for ® = 0°
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and 90°. When the electric field vector of the incoming wave is align with horizontal
or vertical nanoantenna segment, the corresponding segment behaves like an individual
pixel, whose response can be tuned by varying the length. Thus, when & = 90°, only
the vertical nanoantenna segment responds, that justifies the resonance observed in
Fig. near 480nm. For & = (°, horizontal segment nanoantenna is in excitation
mode, and this results in resonance observed in Fig. near 570nm. The magnetic field
is confined around the center of the cross in both cases, so strong difference in electric

field distribution is the origin of polarization sensitivity.

1

Transmittance (a.u.)

0 L
400 450 500 550 600 650 700

Wavelength (nm)

FIGURE 4.3: Shift in transmittance spectra when polarization angle of incoming wave,
®, is changed from 0° to 90°. Dashed lines indicate two resonance cases with strong
transmission contrast between two orthogonal polarization states (& = 0° and ® = 90°).

Experimental Validation Since white light contains all colors, its each spectral com-
ponent is associated with a certain color in transmission and reflection modes. We
have selected and considered in detail two nanoantenna design cases with two different
dimension sets which are given in Table These sets are chosen so that we could
demonstrate the primary colors, i.e., RGB or CMY. Indeed, we observed different colors
for different states of polarization of the incoming wave. In particular, RGB and CMY

colors are obtained in reflection and transmission mode, respectively.

TABLE 4.1: Dimensions of the studied nanoantennas in nm.

L, L, W, W, h
Casel 90 160 40 40 200
Case 2 110 190 40 40 200
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FIGURE 4.4: Electric and magnetic field distribution in (z,y)-plane, at the mid-height
of nanoantenna (z = h/2): (a) A = 480nm, y-polarized incident wave and (b) A =
570nm, x-polarized incident wave.

Figure presents the experimental colors observed under the optical microscope in
transmission mode, when ® is gradually varied from 0° to 90°. For & = 0°, color
response corresponds to the excitation of horizontal (oriented along the x-axis) nanoan-
tenna segments, whereas ® = 90° corresponds to the excitation of vertical (oriented
along the y-axis) nanoantenna segments. For given sizes, a variety of colors, each of
which corresponds to a certain value of ®, is obtained, so tunability can be realized by
means of variations in ®. The intermediate response between ® = 0° to 90° can be
understood from the above presented discussion for equation [£.I] The achievable set of
colors is determined by the ratio of the lengths of the vertical and horizontal segments.
Whilst location of the transmittance dip is a function of nanoantenna length, it can be
shifted within a larger part of the visible spectrum by scaling nanoantennas. The effect
of geometrical parameters of nanoantennas is illustrated by the comparison of Case 1
and Case 2 in Fig. By properly adjusting the lengths of two segments of each cross-
shaped Si nanoantenna, any two arbitrary colors can be formed using only ® = 0° and

® = 90° cases.

A specific portion of the incident white light is reflected from the metasurface, while

another part is transmitted through the array on quartz substrate, as schematically
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shown in Fig. [£.2c). The dielectric nanoantennas have very low losses that enables
creation of various high-quality colors in both transmission and reflection mode. When
the same devices operate in reflection mode, we obtain different colors for different states
of polarization of the incoming wave. Figure presents the experimental colors seen
under the optical microscope in reflection mode when & is varied from 0° to 90°. As
expected, the obtained set of colors is different than for transmission-mode operation.
Again, the set of colors that are tunable by varying ® depends on values of L, and Ly,
so the difference in colors achievable in Case 1 and Case 2 is significant. Moreover, since
different color sets are obtained in transmission and reflection modes, additional degree

of freedom in tunability can be added by switching between these two modes.

Transmission Mode

Case 2

Case 1

>
Polarization angle (@)

FI1GURE 4.5: Colors visible under optical microscope in transmission mode when @ is
gradually varied from 0° to 90°. Dimensions of nanoantennas are given in Table

# Reflection Mode
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Case 1

>
Polarization angle (®)

FIGURE 4.6: Colors visible under optical microscope in reflection mode when & is
gradually varied from 0° to 90°. Dimensions of nanoantennas are given in Table

A dual characterization is carried out to justify the above discussed results. We have
used a home-made customized setup for this purpose. The details of the optical charac-
terization are available in supplementary information. The experimental transmittance
and reflectance spectra are converted into the colors by using standard chromaticity
matching functions [I19], see supplementary information. For the Case 1 and Case
2, the gradual color changes are observed when polarization angle is gradually varied
from 0° to 90°. In Fig. [£.7] the experimental and simulated results are plotted on the
standard CIE 1931 chromaticity diagram, in order to visualize the achievable color tun-

ability. Generally, these results are in good coincidence. Some discrepancy appears due
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to imperfections in fabrication and limitations of measurement accuracy. In particular,
its possible reasons can be connected with that it can be difficult to fabricate a nanos-
tructure with a high-aspect ratio. For Case 1 in transmission mode, it is expected from
the simulation results that the changes in color should occur from magenta to yellow
zone, when polarization of incident light is changed from 0° to 90°, and so happens in
the experimental results with acceptable deviation. For Case 1 in reflection mode, color
changes are predicted from green to blue zone, based on the simulation results, and so
happens in the experimental results, also with acceptable deviation. A similar level of
results coincidence has been found for Case 2, in both reflection and transmission modes.
Hence, there is a good agreement between the simulation and experimental results, as

far as the latter are still in the predicted zone of the colors.

Further study of the effect of geometrical parameters of the cross-shaped nanoantennas
and their optimization can be promising for obtaining alternative tunability scenarios

and possible extension of the tuning range.

4.3 Discussion

In summary, we have studied all-dielectric metasurfaces based on nonsymmetric cross-
shaped Si nanoantennas, which are designed to operate as color filters in transmission
and reflection modes. The proposed designs of low-loss all-dielectric filters enable high
quality of colors for the both modes. The resonance location responsible for color selec-
tivity can be varied in a desired way by properly adjusting sizes of individual nanoanten-
nas. The nonsymmetric cross shape of nanoantennas makes them strongly sensitive to
the polarization state of incident wave. Hence, efficient tuning of colors can be achieved
in one structure just by changing polarization angle, as expected. The range of achiev-
able colors depends on sizes of rectangular segments creating a cross. Tuning based on
polarization change can be efficiently used in both transmission and reflection modes.
In turn, switching between transmission and reflection modes gives more freedom for
tuning. The proposed devices allow covering a wide gamut of colors on CIE-1931 chro-
maticity diagram. In particular, RGB or CMY colors are obtained in reflection and
transmission mode, respectively. There is good coincidence between simulation and ex-

perimental results. Results of higher accuracy could be obtained by improvement of
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FIGURE 4.7: Polarization related changes in color: (a) for transmission mode, from

magenta to yellow in Case 1 and from cyan to magenta in Case 2. (b) For reflection

mode, from green to blue in Case 1 and from red to green in Case 2. Polarization

angle of incident white light (®) is switched for experimental results from 0° to 90°;

simulation results for polarization states, which correspond to ® varied from 0° to 90°

with the step A® = 10°, are shown for comparison. Blue numbers indicate wavelengths
in nm for the ideal colors.

fabrication quality and measurement setup. The suggested devices have potential ap-
plications in the area of secured optical tag, nano spectroscopy, fluorescence microscopy

and CCD imaging.
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4.4 Methods

Simulations. We have used Lumerical FDTD [44] solver to study transmission and re-
flection for the metasurfaces comprising cross-shaped nanoantennas on quartz substrate.
The materials used for substrate and cross-shaped nano antenna are SiOs and Si, re-
spectively. The material parameters are taken from the default material library of the
used software. A plane wave ranging the wavelength from 400nm to 700nm is incident
from the top of the structure. The reflectance and transmittance spectra are simulated
by considering a unit cell (single cross shaped nanoantenna on substrate) with periodic
boundary conditions in x and y directions. Perfect matching layer (PML) boundary

conditions were used in z direction to avoid reflections.

Device fabrication. A piranha cleaned quartz sample (275um thick) is used to fabri-
cate the device. We have deposited a thin layer of 200nm amorphous Si using ICPCVD
tool at 300elsius with 150W added microwave power. A single-layer PMMA photoresist
is used for patterning cross-shaped nanoresonators by using Raith 150-Two EBL tool.
An electronic mask is designed using an open source Python program. The exposed
sample is developed using MIBK-IPA (1:3) and an IPA solution for 45s and 15s, re-
spectively. A thin layer of metal (5nm Cr as adhesion layer and 40nm Au) is deposited
to transfer the pattern on metal layer for lift-off process using four target evaporators.
After lift-off, the sample is etched using plasma asher to get the final pattern. A process

flow chart with step by step details is available in supplementary information.

Optical characterization. A dual optical characterization is done to ensure the re-
sults. The sample is placed under Olympus optical microscope and illuminated with
white light without filter. The colors can be directly seen under optical microscope in
reflection and transmission mode by changing the polarization of the incident light. The
reflectance and transmission spectra are measured using a home-made customized setup.
A HL 2000 halogen lamp source is coupled with optical fiber to illuminate the sample
with the light in visible range (wavelength of 400nm to 700nm). A polarizer is added
in the path of the optical fiber to control the polarization. A 50x objective lens is used
to tight focus the light on the sample. The spectra are measured by using the same
objective lens. The data are normalized with respect to bare quartz sample. A Nikon

camera attached with the assembly is used to take the photograph of illuminated area.



Chapter 4. Tunable all-dielectric color filters 54

4.5 Supplementary information

4.5.1 Simulations methodology

A commercially available Lumerical FDTD solver is used to simulate a single rectangular
nanoantenna and nanoantenna arrays. Si and SiOg are used as materials for nanoanten-
nas and substrate, respectively. Their parameters are taken from the material library
of the used software. First, the extinction cross section (ECS) of a single rectangular
dielectric nanoantenna has been calculated by using a total-field scattered-field (TFSF)
source with the bandwidth adjusted to visible wavelength which extends from 400nm
to 700nm. The perfectly matched layer (PML) boundary conditions are employed in all
three orthogonal directions, i.e., z, y, and z. Fig.[4.8shows the ECS of the nanoantenna,

when length of the rectangular nanoantenna is changed from 60nm to 200nm.
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FIGURE 4.8: Extinction cross section (ECS) of single rectangular Si nanoantenna with

width and height of 40nm and 200nm, respectively; its length is gradually increased

from 60nm to 200nm. Two resonance peaks are associated with electric type and
magnetic type resonances.

At smaller length values, the scattering peak is shifted from lower to higher visible
spectrum. When the length is increased, the peak is split into two peaks. The larger
the length, the stronger the peaks are shifted towards larger wavelengths. These two
peaks can be associated with electric and magnetic resonances, which are known for
dielectric nanoparticles. Some additional modes may also appear when the length of Si
nanoantennas increases. However, the main contribution to scattering is provided by
one or two modes, which manifest themselves in the shift of the ECS maxima from left

to right, while the length of the Si nanoantennas is increased.
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In order to get the reflectance and transmittance spectra for the array of cross-shaped
nanoantennas, we have illuminated the metesurfaces with plane waves having different
polarization states. We have used periodic boundary conditions in z and y directions and
PML boundary conditions in z direction. In Figure the color map of transmittance
spectra is presented in wavelength - polarization angle (®) plane. Figure illustrates
the shift of the transmittance minima when @ is switched from 0° to 90°. Figures
and present reflectance in the same manner and in the same ranges of parameter

variations as Figs. and
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FIGURE 4.9: Color map of transmittance for arbitrary polarization state of incident
wave in the visible region.
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FIGURE 4.10: Transmittance at & = 0° and ® = 90°. Shift of the dip is clearly seen.
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FIGURE 4.11: Color map of reflectance for arbitrary polarization state of incident wave,
in the whole visible region.
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FIGURE 4.12: Reflectance at ® = 0° and & = 90°. Shift of the maximum is clearly
seem.

4.5.2 Color representation on CIE-1931 Chart

This section has already been discussion in chapter [3| under supplementary information

section.

4.5.3 Device fabrication

This section has already been discussion in chapter [3| under supplementary information

section.
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4.5.4 Optical characterization

A dual optical characterization is done to ensure the correctness of the results. The
sample is first placed under Olympus optical microscope illuminated with a white light
without filter. The colors can be directly seen under optical microscope in reflection and
transmission modes at various polarization angles. Then, reflectance and transmittance
spectra are measured using a home-made customized setup. A HL 2000 halogen lamp
source is coupled with optical fiber to illuminate the sample in the visible range, i.e.,
from 400nm to 700nm). A polarizer is added in the path of the optical fibre to control
the polarization. A 50x objective lens is used to focus the light on the sample. The
reflectance and transmittance spectra are measured by using the same objective lens.
The data are normalized with respect to the bare quartz sample. A Nikon camera

attached with the assembly is used to take the photograph of the illuminated area.
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Liquid-crystal tunable color

filters™

Designing color pixels using plasmonic nanostructures and metasurfaces has become a
luring area of research in recent years. Here, we experimentally demonstrated the voltage
tunability of a dynamic plasmonic color filter by using an aluminum grating integrated
with the nematic liquid crystal (LC). Along with a typical substrate coated with rubbed
polyimide film, the aluminum grating itself serves as a molecular alignment layer to
form a twisted LC cell. This hybrid structure allows electrically controlled transmission
color by applying the voltage. A significant spectral tunability of such a device has been

demonstrated by applying the small voltage from 0 to 4 V,ms.

5.1 Introduction

Color filtering is a key function in many optical and optoelectronics applications such
as camera, projector, CMOS image sensors, and many imaging and hand-held devices.
Recent developments in plasmonics-based structural color filters can be expected as
possible replacement of pigment-based color printing in the future. The structural color
filter exhibits significant advantages over existing pigment-based technology, such as
being compact in size, rendering non-degradable colors, having resolution well below the

diffraction limit, and being environmentally friendly [45, 120]. The new technique of

*This chapter is published in Optics Express [52]
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developing structural color devices based on femtosecond laser gives a new direction for

the possibility of mass production [121].

Different approaches have been suggested to show the capability of structure-based color
filtering, including metallic grating structures [103] [110], metallic disks [45} [70], com-
plementary metallic design [84) [T11], metalinsulatormetal (MIM) structures [122] [123],
all-dielectric [0} 51, 121, 124], and hybrid structures [103, [125]. However, the main
challenge is to design a tunable color filter. The capability of a structural color filter is
limited owing to the fact that the response of the color filter is fixed once the device is
fabricated. Recently, some research groups have demonstrated significant tunability of
structural color filters by various means. A non-symmetric structure approach is used to
tune the response based on polarization of incident light [51] 82, 84], 126]. Unfortunately,
the tunability range of these devices is quite narrow, and it is very difficult to fabricate
such structures. Other popular approaches rely on anti-bonding mode resonances [109]
or MIM resonators [122] to tune the resonance wavelengths, but the size of the MIM-
based devices are in the micron range, which is difficult to integrate with chips. It is
obvious that tunable color filtering is still an open area of research. According to the
literature, a couple of new techniques have been disclosed for tuning the color by means
of hydrogen-responsive Mg nanoparticles [127] and mechanically stretchable substrates

as active metasurfaces in dynamic plasmonic color display [128].

In this paper, we integrated the nematic liquid crystal (LC) with a simple aluminum
(Al) grating metasurface. The cell thus formed shows significant spectral tunability by
applying various voltages across the cell thickness. The reason to choose Al is its low
interband transition loss, which can provide more vivid colors [I15], [129]. LC has already
been used to design active nanophotonics devices [130-133], beam-steering [134], tun-
able filters with microspheres [135], and phase-controlled all-dielectric metasurface [136]
to achieve the tunability of resonance at near-infrared (NIR) wavelengths. An ear-
lier attempt has also been made to enable the tunability of resonance in the visible
range [137, 138]. However, the tunable color filter using aluminum metasurface in the
visible range is less studied, in particular with the transmission mode. The working prin-
ciple of our device is based on the fact that LC possesses both dielectric anisotropy and
optical anisotropy, consequently exhibiting polarization tunability when a small electric
field is applied across the LC. This anisotropic behavior can be easily manifested in
a cell with twisted alignment of the LC. In a typical twisted-nematic cell, an applied

voltage imposes an electric torque on the LC molecules against the restoring elastic one,
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causing the molecular axis and, in turn, the optic axis of the LC to tilt toward the field
direction. The tilted optic axis thus results in the change in effective refractive index.
We utilized the anisotropic property of LC combined with an Al grating metasurface to

realize the tunability of color filter.

5.2 Sample fabrication

The Al grating metasurfaces were fabricated using electron-beam lithography (EBL). To
define a pattern, polymethylmethacrylate (PMMA) of 200 nm in thickness was coated on
a typical indiumtin-oxide (ITO)-coated glass substrate followed by a patterning process.
A 90 nm thin film of Al was deposited by using the E-gun evaporator. The Al gratings
would be formed by lift-off process and they have the desired effect to align the contacting

LC molecules to lie perpendicularly to the grating vector in the metasurface plane.

The ITO glass substrate with an Al grating metasurface serves as the bottom plate of
the LC cell. The top plate of the cell is ITO glass spin-coated with a mechanically
buffed polyimide layer for planar alignment of the LC molecules. The rubbing direction
is parallel to the grating vector when assembled with a cell gap of 5 pm. The nematic
liquid ne = 1.7472 and ordinary refractive index n, = 1.5217 at the temperature of 20°
and wavelength of 589.3 nm, was introduced into each empty cell by capillary action.
An alternating current (AC) voltage (1 kHz) was applied across the cell gap through
ITO layers to control the state of LC. The schematic of the cell configuration is shown in
Fig. At null voltage, the polarization direction of linearly polarized light of normal
incidence rotates by 90° after emerging from the cell through the polarization-rotation
effect [139] in a twisted nematic cell as shown in Fig. [5.1(a). In Fig[5.1b), by increasing
the voltage to unwind the twist and maximize the tilt in the LC bulk, the polarization
of linearly polarized light remains virtually unchanged, in perpendicular to the grating

vector.

5.3 Spectral Characterization of Metasurfaces

For this work, the grating structures were designed with a fixed duty ratio of 0.5 and
with three distinct widths: 150 nm, 200 nm and 230 nm. Figure [5.2)(a) schematically
depicts the design of a parallel-stripe-patterned grating characterized by the height h,
width w and period (or grating constant) P(P = 2w). Figure [5.2b) shows a scanning
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FIGURE 5.1: Schematic of the cell composed of sandwiched nematic LC, an Al grating
and a polyimide-coated substrate in the (a) voltage-off and (b) voltage-on states.

electron microscope (SEM) image of one fabricated grating sample having = 90 nm, w

= 150 nm and P = 300 nm.
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FIGURE 5.2: Schematic of the Al grating on the ITO coated glass substrate. (b) SEM

image of aluminum grating with grating width 150 nm. The simulated and experiment

transmission spectra of the aluminum grating when the incident light is (c)-(e) TM

polarization and (f)-(h) TE polarization. The insets show the images directly recorded
by optical microscopy with a camera.

Transmission spectra of each grating were then recorded for both TE and TM cases. All
the collected data were normalized with respect to the bare ITO-coated glass substrate.
A camera was used to take the micrographs of the illuminated area. Figure c) to
Fig. e) show the comparisons of simulated and experimental spectra of the TM mode
for three different grating structures. Note that the three insets show the correspondingly
observed colors in transmission. Similar measurements were carried out for TE polarized

light as shown in Fig. [5.2(f) to Fig. [5.2(h). The experimental spectra are in reasonable

agreement with simulated data.
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From Fig. (c) to Fig. p.2(e), it is clear that there are pronounced changes in the
three transmission spectra for TM polarization so the change in color is dramatic and

vivid. In contrast, the TE polarization produces featureless-like spectra, giving rise to

limited change in color as shown in Fig. [5.2{f) to Fig.|5.2(h).

5.4 Modelling

In order to fit the experimental observation, simulations were performed by using fi-
nite difference time domain (FDTD) method, (FDTD Solutions, Lumerical). In the
modeling, the LC molecules around the grating slits are parallel to the grating [140].
Therefore, for TE polarization, the vibration direction of incident optical electric field
will be parallel to the molecular of the liquid crystal, and the effective refractive index of
LC is n, = 1.75. On the other hand, for the TM case, the vibration direction of electric
field will be perpendicular to the molecular axis of the LC in the bulk, and the effective

refractive index is n, = 1.75.

Figure [5.3| shows the transmittance spectra of TE and TM polarizations with LC. By
comparing Fig.[5.2(f) and Fig.[5.3(a), the resonance peak in the transmittance spectrum
of TE polarization with LC is much higher and sharper than that of in air, so the color
will be vivid in LC. In Fig.[5.3(a), the resonance peaks around 438 nm and 525 nm are

diffraction signals given by [141]:

A= Pni (51)

where, P = 300 nm is the period of the grating and n; is the refractive index of the sur-
rounding medium of the grating. In TE polarization, the prime effect is diffraction and
waveguide mode resonance [142], so the extraordinary transmission peaks in Fig. [5.3(a)
would be influenced by the refractive index of the surrounding medium. Since the re-
fractive indices of the substrate ng,;, = 1.46 and of the LC n, = n;. = 1.75, there are two
peaks at 438 nm and 525 nm. On the other hand, if the refractive index of substrates

and liquid crystals could match, the narrower transmission band could be achieved.

In Fig. [5.3|(b), the broad band resonance dip spanning from 460 nm to 484 nm is due to

the plasmon resonance for TM polarization [142], which is given by [I41]:
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Eme€;

A=P

€m + € (52)
where €, and ¢; are dielectric permittivity of metal and surrounding medium, respec-
tively. In TM polarization, the transmittance is near zero from 460 nm to 484 nm because
the grating structures would provide the extra k-vector to excite surface plasmon po-
laritons [142]. We observed two resonance dips at 460 nm and 484 nm corresponding
to the substrate (e; = 1.46%) and the LC (¢ = n2 = 1.522) resonance wavelengths are
close to each other, so the two resonance dips coalesce together to form a broadband
resonance dip. A CIE-1931 chromaticity diagram is shown in Fig.|5.3|c) to help visualize

the switch of color from TM to TE polarization.

5.5 Tunability of colors

Figure shows the experimental results of Al gratings integrated with LC. The po-
larization direction of incident light is parallel to the grating stripes. When the applied
voltage is 0 V, the polarization direction of electric field on the Al grating is twisted by
90° and changed to become parallel to the grating vector through the LC bulk. Because
of the unperturbed twisted-nematic state of LC configuration, the TM polarization ef-
fect could be achieved when the applied voltage is 0 V in this framework. In contrast,
the TE polarization effect could be achieved when the applied voltage is higher than 4
Vrms because the LC molecules are reoriented vertically to the substrate by the exter-
nally applied voltage across the cell thickness to permit the polarization state of light
uninfluenced or untwisted in the passage through the cell. This is the key to enabling

active tuning of color in our device.
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FIGURE 5.4: Experiment results of LC cells with Al gratings when the applied voltage

increases from 0 V to 10 V,.,,s. The images on the top of spectral are optical images

recorded by a CCD camera: (a) P =300 nm (b) P = 400 nm. (c) Transmissive color
appearance of the cells at various applied voltages.

By changing the state of LC using a small applied voltage, the color changed along with
the TE and TM polarizations. The variations in color and spectrum with increasing
voltage for two different grating constants are shown in Fig. M(a) and Fig. H(b) One
can see that, with a small applied voltage, the spectrum and, in turn, color of the cells
can be varied. The change from the corresponding the TM mode at 0 V to the TE
mode at 4 V,,,,s thus provides dynamic color tunability. In Fig. c), the gradual color
variation is demonstrated with the applied voltage from 2 V.5 to 4 Vims. When the
applied voltage is larger than 4 V,.,,s, the color would freeze, because the molecules of

LC are untwisted and totally aligned vertically.

5.6 Conclusion

In conclusion, we have demonstrated a LC-based tunable color filter, which shows high
dynamic tunability of color in transmission. The integration of LC with a grating struc-
ture allows the broad dynamic tunability in quite controllable manner. By slightly
adjusting the applied voltage between 2 V,.,,s and 4 V.5, the color spectra changed in a
reasonably broad spectral range. The concept can be extended for integrating LC with
plasmonics or all dielectric metasurface-based color filters to achieve the high quality of
color pixels. The integration of LC with color filters opens a new possibility to make

tunable color filter devices.



Chapter 6

Light channeling and guiding

using surface modification’|

A general approach to localization, guiding and redirecting light in photonic waveguides
via tailoring their interfaces (surfaces) is proposed. The approach is demonstrated for
dielectric rod-type photonic crystal slabs, whose regular and defect parts are only dis-
tinguished by whether the nanocylinders are covered by metal caps or not. Thus, the
rod-array part of the structure is not changed, while the local modifications are only
applied to the interfaces. The basic functionalities, i.e., localized wave guiding, bend-
ing, and splitting are achievable using this approach. Selective dual-mode operation is

possible due to co-existence of a defect mode and a chainlike mode in one structure.

6.1 Introduction

Recently, new mechanisms of controlling propagation in optical and microwave waveg-
uides with planar covers at the interfaces attracted a lot of attention. In particular,
optical waveguides covered by gradient metasurfaces [I143] and microwave waveguides
covered by uniform (non-gradient) metasurfaces [I44] have been proposed. Propagation
conditions of the original non-covered waveguides can be strongly modified and some

new modes may appear, while only modifying the interfaces.

*This chapter is published in Optics Letters [53]
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At the same time, there are various waveguiding structures used at optical frequencies.
Among them, finite-thickness, rod/disk- and hole-type photonic crystals (PhCs) with
and without geometrical defects, which are known as PhC slabs, have been the focus
of interest in the two last decades [145-149]. Localization within line or point defects
may occur due to defect modes, which appear in the stop bands of the corresponding
defect-free structures. They enable efficient waveguiding, splitting, and bending, e.g.,
see [I50HI54]. Chain waveguides which use coupled dielectric, metallic, or metallo-
dielectric resonant particles, or single-row hole arrays should also be mentioned in this
concern [I55HI60]. Very recently, a new approach to the localized wave guiding has
been proposed, which is realized by using a quasi-planar PhC slab with topologically
protected states [161].

Conceptually, the approach suggested in this Letter is based on the use of surface defects
introduced at the interface between waveguide and surrounding media, which may yield
propagating volume defect modes. For validation purposes, we consider a dielectric rod-
type PhC slab with the wave guiding capability, whose regular part’s rods are covered
by metal caps to achieve a stop band, while some rods remain uncovered to create a
defect-mode waveguide. Thus, the boundary conditions at the interfaces of the regular
and defect parts of the rod array are different. It will be shown how the waveguide-
covering approach [143] [144], defect-mode waveguiding in PhC slabs [145], 146, 150], and
wave guiding by chains [I55, [I56] can be efficiently combined in one device. The goal
here is proof of concept. Design optimization is beyond the scope, as well as a use of

surface waves and their hybridization with volume waves.

Compared to the earlier works on waveguide covering [143], 144], our approach may en-
able a defect-mode waveguiding and wave re-directing, e.g., bending and splitting. In
contrast with the conventional PhC slabs [145], [146] 150], structures built on the sug-
gested principles do not need any local internal modification to create a defect-mode
waveguide. We demonstrate here that the basic functionalities realizable in the conven-
tional (i.e., noncovered) PhC slab waveguides with defects can be replicated just via
local modification of the interfaces. They include the localized wave guiding, splitting,
and bending. Moreover, there are two distinguishable operation modes, both enabling
localization, while re-direction is only allowed by one of them. The first mode is similar
to the classical defect modes in PhC slab waveguides. The second one is associated with
a waveguiding by a chain, while the regular part of PhC slab exerts a relatively weak

effect. From the chain waveguide perspective, this regime is unusual, because the chain
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waveguide is embedded into another structure with a waveguiding capability. It will be
shown how the difference in properties of the first and the second mode is connected
with the achievable functionality. The obtained results will also be discussed from the

multifunctionality perspective.

6.2 Results and discussions

The main idea is illustrated by Fig. upper panel. Some quasi-planar elements
(denoted by Aij) are assumed to cover the interfaces of the waveguide with the sur-
rounding media in stepwise manner for local control of propagation. For demonstra-
tion, we use a rod-type PhC slab, i.e., an array of finite-height dielectric nanocylinders
[146, 148, [149]. Then, we modify it by placing the metal caps at the top and the bot-
tom of each nanocylinder that belongs to the regular part of the structure, as shown in
Fig. lower panel. Without the caps, such a PhC slab can support propagation of
electromagnetic waves [146]. Hence, the non-capped rods may be used to create a defect
in the periodic capped array. The height of nanocylinders is taken as t; = 200 nm and
the radius as 60 nm; period of the square lattices is 300 nm. The index of refraction of
nanocylinder material is 3.46, what is close to Si at optical frequencies. Metallic caps
are 20 nm thick and made of Au (permittivity dependence on frequency, f, is taken
from [162]). The surrounding medium is considered as air for simplicity. Simulations

are performed by using Lumerical, a commercial FDTD solver [44].

Dispersion has been calculated for a unit cell of the infinite capped structure, see insert
in Fig. right panel. Bloch boundary conditions in (z,z) and (y,z) planes and perfect
matching layer (PML) boundary conditions below and above the structure were used.
Vertical dipoles were randomly located in the unit cell to excite the TM modes only.
The calculated band diagram is presented in Fig. right panel. In addition to the
conventional bands being sensitive to the variations of wavevector k, there are nearly
flat bands between f = 420 THz and 500 THz. Similar bands may exist in metal-rod
[163] and excitonic [164] PhCs. As shown below, the nearly flat bands being located

between the conventional bands do not affect the resulting transmission.

Next, we calculate transmittance (") spectra for two finite-extent PhC slabs by using
open boundary conditions in the z-direction, and PML conditions in the xz and y di-
rection. For the first one, all the rods are capped, i.e., there is no geometrical defect.

For the second one, the central row of the rods is non-capped, like in Fig. bottom
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FIGURE 6.1: Upper panel: A general schematic of a photonic waveguide with the

interface covered with different quasi-planar elements in a stepwise manner; Aij denote

quasi-planar elements with different electromagnetic properties; here 1 <i<4,1<j <

4 but number of elements may be arbitrary, and parts of them may be the same. Lower

panel: Artistic view of the PhC slab defect-mode waveguide created by the difference

between the regular (capped) part of the structure and the central row composed of
non-capped rods.

panel. Hence, defect-mode related localization and transmission may be expected, de-
spite of the dielectric nanocylinders being the same for all rows. 20 unit cells in the
z-direction and 9 unit cells in the y-direction were taken. A TM polarized broadband
Gaussian beam source has been placed at the input of the line defect, and its maximum
adjusted with the defect mid-planes, y = 0, z = 0. The results of full-wave simulations

are presented in Fig. [6.2] left panel.

The transmittance results for the defect-free structure have been compared with the ones
for the structure with the straight line defect in Fig. left panel. In case of the defect-
free structure, transmission is blocked between f = 415 and 475 THz. This behavior
is in good coincidence with the dispersion results in Fig. [6.2] right panel. Moreover,
as follows from the comparison of the transmittance spectra and the band structure,
there is no signature of contribution of the (nearly) flat bands to the transmission for
the defect-free structure, i.e., we obtain a wide stop band, as desired. Comparing the

spectra for the structures with and without defect, one can observe two distinguishable
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FIGURE 6.2: Right panel: Band diagram of the infinite defect-free PhC slab comprising

the unit cells, every representing a dielectric nanocyliner capped with metal nanodisks
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direction (corresponding to the x axis). Left panel: Transmittance spectra (T vs. f) of
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FIGURE 6.3: Spatial distribution of the power at mid-height of PhC slab with a straight

line defect in the structure comprising 20 x 9 unit cells, at (a) 453 THz and (b) 513 THz;

excitation is from the left side. Insets show amplitude of E, component within 7 x 7
unit cell fragment, being closest to the source.

maxima, which appear owing to the line defect, being located at 453 THz and 513 THz.
The first maximum is associated with a defect mode, since transmission in the defect-free
structure is blocked within this spectral range, while the nearly flat bands only occur in

dispersion. The second peak lays in the spectral range, where conventional k-sensitive
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bands do exist. It is noticeable (and expectable) that transmissions in the structures
with and without defects well coincide below 400 THz. On the contrary, the second
maximum at 513 THz surprisingly shows a higher magnitude than in the defect-free
structure in the same frequency range. Therefore, the origin of the second maximum

may be not trivial, and it will be clarified below.
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FIGURE 6.4: Map of magnitude of magnetic field in the (z,y)-plane at (a) 455 THz and

(b) 513 THz, and in the (x,z)-plane at (e) 455 THz and (f) 513 THz (main structure).

Quiver map of magnetic field vector in the (z,y)-plane at (c) 459.5 THz and (d) 520

THz, and in the (z,z)-plane at (g) 459.5 THz and (h) 520 THz (auxiliary structure).
Frequencies are taken at the maxima of T.

Figure presents the power map at the nanocylinder mid-height (z = 0) within the
whole structure, which comprises 20 x 9 unit cells. One can see that localization and
defect-mode waveguiding in the centered line channel, which is created by the non-
capped rods, may occur at the both maxima of 7', despite the above-mentioned differ-
ences. It is evident that defect-mode waveguiding can be obtained while the interfaces
of the rods are only modified. For further clarity, we consider the field behavior within
the unit cell of the central row, which is the second one from the source side. The
field monitors were centered with respect to the mid-plane of the non-capped row of the
rods. Figure (a,b,e,f) shows color maps of H field, at the two maxima of T', which
are obtained by using Lumerical software [44]. The difference is clearly seen, which may
lead to different capability in directional selectivity. Since Lumerical software is not well
suitable to plot quiver maps required for identification of the contributing resonances,
we also used an auxiliary structure with the same dominant physics. For this structure,
quiver maps can be easily obtained by using CST Microwave Studio, another commercial

software, in the waveguide-port excitation mode [165]. The auxiliary structure comprises
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3 x 3 unit cells. Frequencies are slightly shifted as compared to the main (20 x 9) struc-
ture, in order to stay at the maxima of T'. Results are presented in Fig. (qd,g,h),
being in appropriate coincidence with the ones in Fig. a,b,e,f ). One can see that TM
mode with zero azimuthal index, m = 0, is dominant at the first maximum of 7. At
the second one, TM mode with m = 1 is dominant. Stronger asymmetry in the color
map in Fig.[6.4[a) as compared to Fig.[6.4{c) is the only significant difference. However,
similar behavior is observed also in the auxiliary structure but for the first rod from the
source side. Indeed, deviations from the canonical modal profiles are weakening in both
the main and auxiliary structures, if the distance from the edges is large enough. The
mode corresponding to the first maximum shows no specific directional selectivity and,

thus, is expected to be appropriate for bending. The mode corresponding to the second

maximum yields a dipole array, so it might be not appropriate for bending.
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FIGURE 6.5: Same as in Fig. but for the L-shaped waveguide.

To check the guess regarding directional selectivity of the first and the second mode, we
simulated transmission in an L-shaped defect waveguide. It differs from the waveguide
in Fig. only in that the single non-capped row is bent now. The results are presented
in Fig. It is observed that the first mode enables bending, while transmission for
the second mode into the bent arm is blocked. This behavior is in agreement with the
prediction based on the results in Fig. [6.4] Indeed, only the mode in the gap between
the regular bands, which is a mode with m = 0 (or its perturbed version), is appropriate

for bending.

Now, let us clarify the origin of the second mode. Note that we do not observe strong
power in the capped region in Fig. [6.3|(b) and [6.5]b), whereas 7" in the case with defect is
significantly larger at 513 THz than in the case without defects, see Fig. left panel.
Thus, it may be expected that a chainlike mode appears here and dominates a regular
mode of the capped array, which may appear in this spectral regime, according to the

dispersion shown in Fig. right panel.
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FIGURE 6.6: Spatial distribution of power at nanocylinder mid-height (z = 0) for (a)
straight single-row chain and (b) L-shaped chain of nanocylinders, both at 513 THz;
insets schematically show chain composition.

For comparison, Figs. a) and (b) present power distribution for two chain waveg-
uides, which are created by fully removing the capped (regular) part from the structures
in Figs. and respectively. The qualitative coincidence between Fig. (a) and
Fig. [6.3|(b), and between Fig. [6.6(b) and Fig. [6.5(b) is quite good. Moreover, there is
good coincidence in spectral location of the T" maximum at 513 THz between the case
with defect in Fig. left panel and the chain in Fig. [6.6(a) (not shown). Hence, it is
clear that transmission in Fig. [6.2] left panel and power maps in Figs. [6.3(b) and [6.5(b)
at 513 THz is connected with the chainlike mode, while the surrounding regular part
affects neither the basic modal features nor the achieved functionality. Indeed, there are
some differences in power maps that may lead to different Q-factors, but the principal

possibility of either wave guiding or blocking transmission is not changed.

It is noteworthy that bending in the chains like that in Fig. (b) may be possible while
using, for instance, whispering-gallery modes [166]. It typically results in a substantially
larger electrical size of the resonant particles, which can be inconsistent with the spectral
range of lower-order modes of the PhC slab. It is also noticeable that, in contrast with
[157], waveguiding in the straight chain waveguide in Fig. [6.6[a) is obtained by using

the rods having much lower permittivity.

The detected modal selectivity has also been examined for a + (plus) shaped waveg-
uide. For the first mode, when the incidence is from one of four arms of the structure
(here — the left horizontal arm), we obtain wave guiding in the remaining three arms.
Hence, we have splitting. For the second mode, wave guiding occurs only in one of those

three arms, which is a straight continuation of the incidence arm. There is no splitting
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FIGURE 6.7: Same as in Fig. but for the 4+ shaped waveguide.

in this case, in line with the above discussed modal properties. Co-existence of the
defect and chainlike modes in one structure enables also multifunctional operation. Mul-
tifunctionality may mean merging and superposition of two different functions at fixed
f [167, [16§], functionality depending on polarization [169], different (either merged or
not merged) functions at different f [I70-H172], etc. From this perspective, the suggested
approach may allow splitting or bending at one operating frequency and, respectively,
non-split regime or blockage of transmission at the other, as shown in Figs. and
For the dual-frequency mixtures of optical signals, selective bending in the structure in
Fig. can be used for sorting of the arriving signals. Selective splitting in the struc-
ture in Fig. enables a partial demultiplexing. This regime can also be obtained in
a T-shaped waveguide. At the next steps of this research program, local modification
of the interfaces and, thus, boundary conditions in hole-type PhC slabs will be stud-
ied and dynamically tunable components, e.g., made of graphene, vanadium dioxide,
will be introduced. The selectivity demonstrated by the presented results may open a
route to multifunctional applications for a wide class of the structures built on the same

principles.

6.3 Conclusion

To summarize, we demonstrated the potential of the approach based on local modifica-
tion of the external boundary conditions of the PhC slab waveguide in obtaining light
localization, guiding, splitting, and bending. It is shown that all of the above-mentioned
functionalities of a photonic waveguide can be obtained in the defect-mode regime with-
out any modification of the main, i.e., rod-array part of the structure. Rather, the
modifications are needed to obtain stepwise changes in the boundary conditions, which

are realized here by using thin metallic disks. Similar modifications can be achieved by
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using other interface elements and the approach is applicable to rather arbitrary pho-
tonic waveguides. Due to the fact that the defect mode co-exists in the same structure
with the chain-like mode which dominates the modes of the defect-free structure, dual-
band operation can be realized, in which the functionalities are dependent on the used
mode. A simultaneous use of the both modes can be prospective for multifunctional

operation.



Chapter 7

Conclusions

The most of the research presented in the thesis was performed in the framework of the
project funded by National Science Center Poland, Grant No 2015/17/B/ST3/00118
(Metasel): Theoretical basics of metasurface based quasi-volumetric structures for future
multifunctional photonics and microwave devices, coordinated by dr Andriy E. Sere-
bryannikov. I started my investigations from the understanding of the theoretical basics
needed to design metasurfaces which can operate as color filters, already during my
research work with Prof. Ravi Hedge at IIT Gandhinagar, India. My previous experi-
ence in simulations of the dielectric resonator microwave antennas gave me the insight
to dielectric nanoantenna design. I performed simulations and made an experiment to
validate the numerical results. Fortunately, experimental results match quite well with
theoretical results and I was able to demonstrate the design of all-dielectric based color
filters. Thus, Chapter 3 and Chapter 4 are devoted to the study of color filter design.
In Chapter 3, I presented design and results for metasurfaces operating as color filters,
which are based on cross-shaped silicon nanoantennas (nanoresonators). In order to
obtain the desired functionality, I studied the Mie resonances of polarisation insensitive
cross-shaped nanoresonators. The designed device is capable to produce high-quality
colors in reflection mode with the extended gamut on the CIE chart. The extended
gamut response is very important to achieve high-quality vivid colors. In Chapter 4, I
extended my research work to design a tunable color filter, as compared to static color
filters presented in Chapter 3. T used high index material (Si), which allows to con-
fine the energy within the nanoresonators. I presented a non-symmetric nanoresonator
design so that the response of the color filter is sensitive to the polarisation of the source.
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In Chapter 5, 1 extended my research towards tunable color filters, which are another
interesting topic of research. Thanks to prof. Chen group from NCTU Taiwan, I started
working on the integration of LC with static (non-tunable) color filters to design tunable
color filters. LC can change the refractive index in the presence of an electric field. This
gives new possibilities to design tunable color filters by embedding the Al gratings into
the LC. The performed research is unique in the sense that small biasing voltage results

in vivid colors in reflection mode.

In the second-last chapter (Chapter 6), I explored the metasurfaces concept to design
photonic crystal slab (PhC) waveguide by modification of its surface. The work pre-
sented up to Chapter 5 was devoted to control the transmission or reflection in case
of normal incidence. In Chapter 6, I exploited a new mechanism to control in-plane
propagation in the PhC waveguide by using metasurfaces. I used the surface impedance
modification approach to control in-plane propagation of volume modes in the PhC
waveguide. We showed that the four key properties controlling the propagation of the
light, i.e., amplitude, phase, polarisation, and optical impedance, can be manipulated

by a properly designed metasurface.

7.1 Outlook

In my thesis, I present the results of design, fabrication, and experimental study of
the selected metasurface based devices. The work done made a progress towards the
integrated photonics components, which is the future demanding area. Current research
in the direction of color filters is the pre-mature stage and it still requires significant
research and development to implement it at the product level. An important purpose
of research is to achieve independent hue, saturation, and brightness for enabling the
effective utilization of color filters in dynamic display applications [I73]. This can open
the possibilities to design ultra-thin displays with sub-wavelength resolution. Also, there
is a need to develop a plateform to directly fabricate the color filters on photo-detector
with high precision [I74]. This can make it suitable for imaging applications and all-
dielectric metasurfaces presented in the thesis are a timely and significant contribution
to this direction. There is also an extensive research scope in the direction of tunable
color filter design. It can be achieved by electronic means [122], thermal process, or by
oxidation [I75]. Our proposed method of LC integration with color filters is one more

possibility in this direction.
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Another important aspect of research is to figure out new way to fabricate color filters
at large scale. Most of the known demonstrations of color filters is presented at a very
small area due to the use of electron beam lithography (EBL) for fabrication, which
limits the area size. Indeed, the EBL technique is not suitable for the mass production
of such devices, so that a further technological advancement is required. Soft imprint
lithography and self-assembly techniques might be suitable for large area fabrication [86,

176HI78]. This can be used to design high-resolution long-lasting paintings.

Regardless of the color filter applications, there is an extensive scope of research for con-
trolling the in-plane propagation by using metasurfaces [48]. The surface impedance ap-
proach (as discussed in Chapter 6) can be used, for instance, to design (de-)multiplexers,
mode converters, and modulators. Interestingly, the concept of the metasurface con-
trolled impedance of the waveguide surface can be further extended by using a thin

layer of 2D materials, like graphene.

Overall, the potential of metasurfaces is very broad and that opens the opportunities
in the new prospective directions of research. Moreover, the concept of metasurfaces
may be exploited to design image processing devices [I79] and neural network front-
ends [180], for artificial intelligence machine learning [I81], and in quantum optics [182]
183]. I believe that the research presented in this thesis and the papers published in
4 international journals will push forward the research and design of metasurfaces for

these applications.
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