P

Ph.D. Dissertation

Aoy Wz P4 9D
Zep=py YTz 44

Plasmonic nanostructure design for enhanced IR modulation:
wavelength-scale optical buffer and amplitude modulator

2022

WA & (B B $ Min, Sung Yoon)

3@ 3o o] % 9

Korea Advanced Institute of Science and Technology



_ " o
bk AL 8 9] =

il
N
H

al)
]

Hln

At

AL & Hy 2 UE A

{
XO

o

2022

2]

7| =

= 3} %)

gk



9 =R ARAIEY WA R0
o= A A8 A el e

20229 64 10d

AT F WA (9
A9 AAd (@)
CRUCIE I - NI
AA A W EE (e

A A

-
>,
@



Plasmonic nanostructure design for enhanced IR modulation:
wavelength-scale optical buffer and amplitude modulator

Sung Yoon Min

Advisor: Min Seok Jang

A dissertation/thesis submitted to the faculty of
Korea Advanced Institute of Science and Technology in
partial fulfillment of the requirements for the degree of

Doctor of Philosophy in Electrical Engineering

Daejeon, Korea
June 10, 2022

Approved by

Min Seok Jang
Professor of Electrical Engineering

The study was conducted in accordance with Code of Research EthicsY.

1) Declaration of Ethical Conduct in Research: I, as a graduate student of Korea Advanced Institute of Science and
Technology, hereby declare that | have not committed any act that may damage the credibility of my research. This includes, but
is not limited to, falsification, thesis written by someone else, distortion of research findings, and plagiarism. | confirm that my
dissertation contains honest conclusions based on my own careful research under the guidance of my advisor.



DEE WS, g WE P42 A8 BozRY JeTr 47
B <AL Y owy R QE wzs]. ARARGFIE
I

2022 . 105+iv & . A ZEudg: Fuy ., (I =31)

Sung Yoon Min. Plasmonic nanostructure design for enhanced IR
modulation: wavelength-scale optical buffer and amplitude modulator.
School of Electrical Engineering. 2022. 105+iv pages. Advisor: Min
Seok Jang. (Text in English)

x5

2 Ale) Habah vRo] thkd RoklM el o ZeAolHe FaACl BEHI Yok,
53], B4 9 29, eholthLiDAR), TR 5 49 S8 43 Ay 0 TA 7%
WA WHE ol Yok, olsh 2 Fo AIM J1Ee WAL AAHE HAYEe] WE U

Hofof @k, e A% adeh 9 FaAs 82 FA As) £F5)
Igmsh Hiel 484 FWoA BMe @A A W 52 A o3
A e 49 s =

Aol Ol@ A Aol Wy ot

HA, B =M E49 A/Ex o o] glv 5% nlFEnE 5ol H (non-

Y E92E A4 9 AT, ° yolrt,
o ulz} 31x} o] 4 (higher order exceptional
F3 wlFEnE JIo

N
<l
(g
o
w3
BN
%,
2
2
_O‘L
N
A
:?15
R
rir
1=
o3t
o
flo
o
O/

Hermitian exceptional point)S HAs+= ZTRE
s F3F el 7 EAR 5
point)e] FA7A Jhsshe AL
(e}

FEstoll 2 Eo] Holgd HAa FdE (52 54
FHP) 2 AIHT) tiF o] A 55 BoldoAME "] 7hE(light trapping) @S F3
g F2 olet 2AIY] F AR AHEE T ASsS Gt

ttgo 2, 3AE olF= e (twisted bilayer graphene)S o] &3 ZZ QM % AE
M7 AA 2 AL HA sd Aol A (twist angle)S FAsle], F7]%9l
Zold] =AAHmoiré superlattice) ZH-EH AXEE Hed Axxd 24 Wz &35
galstdt. o] A9 54 3|HdzteA AL 188 T HERE RISt on, A E-
g2 AEH 93] W o] $skd 4 AT § dolrth, ExulE] Ao x23d
HEl THS AATFOEH 4 F5(perfect absorption)E B/detil Al]E xSte] @& 55
Hx g&& Hdsgsidog., 2 A5 Ayde 3 xdeo] fold wgEws B 7|hke
ERERYAE o]&dte] AL ME 3 55 WE7F Ve s dERAT

wpxjulo 2 - o] &A NA(ionic liquid)E ©o]-&3F al FE
A el A & FAe ol 4 Agste] EA¢t. 49
_] -

ol
ol
Astell o8 A 7189 & T3 A¥eu EeE

~E¥| del A7) FeA Wzt Tbeds
ggon, o yopt Set=rY d|e] AAE g8 47 Mxe) SFe] Jhesl. & A
Ade B8 34 A4 glel sl FAAM §F AF AR MeRe meFm,
E X ~H Z

u

O
2
B
m
2
I
£
[
[
f
Kig
[



Abstract

Nowadays, infrared technology is attracting enormous attention in various industries and research fields with
the advent of industry 4.0. In particular, infrared communication, stealth, LIDAR, and holograms are closely
related to the development of military technology as well as the industry 4.0 technologies. For the advancement
of infrared applications, the ability to control and modulate infrared light with high resolution must first be built.
However, unlike electronic devices, optical devices have difficulties in miniaturization due to the diffraction limit
of light, and have obvious limitations in terms of resolution and also practicality. To control and modulate the
infrared light with high resolution that overcomes the diffraction limit, research and development on plasmonic

devices with wavelength or sub-wavelength scale is necessary.

In this paper, we first design a plasmonic waveguide that forms a non-Hermitian exceptional point without
material gain or loss. Furthermore, we demonstrate the formation of a higher-order exceptional point by
coalescence of two separate exceptional points in the parameter space of the plasmonic waveguide. The
presented results show the alleviated conditions for the complex permittivity (or complex refractive index) which
has been an obstacle to the applications in non-Hermitian optics, suggesting the possibility of using an optical

buffer with wavelength or subwavelength scale based on the light trapping effect.

Next, we suggest an active amplitude modulator in the near-infrared range using twisted bilayer graphene. The
optical conductivity of the twisted bilayer graphene is designed to be suitable for near-infrared modulation,
which is calculated from the periodic moiré superlattice depending on its twist angle. In this case, an active near-
infrared modulation with high potential was confirmed at specific twist angles, while the modulation conditions
can be eased by exciton-plasmon coupling. Furthermore, we design a twisted bilayer graphene-based meta-
surface with a Salisbury screen that the significant near-infrared modulation is achieved with the gate voltage-
dependent perfect absorption. The presented results reveal the possibility of an active near-infrared modulation in
subwavelength scale by twist angle engineering in various stacked van der Waals structures, which can be widely

expanded from visible to infrared wavelength range.

Finally, we propose an active mid-infrared amplitude modulator using an ionic liquid. In the ionic liquid, water
(H20) molecules are bound via hydrogen bonding with anions. The formed anion-H,O clusters can be bound
with (or dissociated from) the surface-bound H,O layer on a hydrophilic surface by applying a voltage, while the
frequency of OH stretching mode changes depending on whether they are bound or not. As a result, the electro-
optic modulation in the mid-infrared range is achieved by a change in the frequency of OH stretching mode, and
the modulation was further amplified through the design of a plasmonic pattern. The presented results show that
an active amplitude modulation in a mid-infrared range can be simply achieved without complicated fabrication
processes, and point out that ionic liquid can modulate mid-infrared light even above 3300 cm-1 by itself on a

hydrophilic surface, which is frequently used in the research of electronic and optical device.

Keywords Surface Plasmon, Infrared Modulation, Exceptional Point, Non-Hermitian Optics, Twisted Bilayer

Graphene, Moiré Superlattice, Twistronics, lonic Liquids, Hydrogen Bond
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Chapter 1. Introduction

1.1 Research motivation

LiDAR Active hologram Information optics
(Phase control) (Wavefront shaping) (Temporal modulation)

Figure 1.1: Infrared applications using potential plasmonic pattern on surface.

Today, infrared technology is attracting tremendous attention in various industries and
research fields with the advent of Industry 4.0. In particular, infrared communication, stealth,
LiDAR, and holograms are closely related to the development of military technologies as
well as industrial 4.0 technologies. For the development of the next-generation infrared
applications, fundamental technologies such as phase control, wavefront shaping, and
temporal modulation are required. In this case, infrared modulation of the individual device
with sufficiently small spatial resolution is required to be developed. However, unlike
electronic devices, optical devices have difficulty in miniaturization due to diffraction limit of

light, and there are clear inherent restrictions in terms of resolution and volume.

-1 -



In this situation, surface plasmon can play an essential role in sub-wavelength light
modulation [1-4]. Surface plasmon not only improves light-matter interaction based on the e-
field enhancement effect but also has a very short wavelength below the diffraction limit. In
this dissertation, the plasmonic devices with sub-wavelength scales are considered to

manipulate infrared light overcoming the diffraction limit with high spatial resolution.



1.2 Research Background

1.2.1 PT-symmetry and non-Hermitian optics

o
o

= mode1 == mode2

: Re(nes)

Im(neg)

{

0 0.5 1 15 2
Gain/Coupling (y/x)

(-

£

Coipirnr CoTIChon A

]

Effective index (n.)

)

Figure 1.2: Representative example of PT-symmetric optical system. (a) Schematic and (b)
effective mode index of the coupled waveguide with balanced gain and loss where « is the coupling

coefficient, and y is the imaginary part of the propagation constant, i.e., propagation gain and loss.

Hermitian Hamiltonian with closed lossless systems had been mainly studied in the field
of quantum mechanics, which takes real energy eigenvalues with orthogonal eigenfunctions.
Meanwhile, non-Hermitian Hamiltonian with open or gain/loss system takes complex
eigenvalue with non-orthogonal eigenfunctions. However, as early as in 1998, the study of C.
M. Bender and S. Boettcher showed that even a system described by a non-Hermitian
Hamiltonian can take real eigenvalues if the system satisfies the parity-time (PT) symmetry
[5]. Given a parametrized P7-symmetric Hamiltonian, they showed that for some sets of
parametric values the system’s eigenvalues are complex, while for others the eigenvalues are
real. Furthermore, at the transition between these two states in the parametric space the two

eigenvectors and eigenvalues of the Hamiltonian coalesce — a phenomenon called exceptional

point [6].



Here, P-symmetric Hamiltonian should satisfy the condition H(p,r,t) = H(—p,-71,t)
where P-operator means space reflection [5-7]. At the same time, 7-symmetric Hamiltonian
should satisfy the condition H(p,r,t) = H*(—p,r,t) where T -operator means time
inversion. The 2T -symmetric Hamitonian should satisfy the above two condition

simultaneously that H(p,r,t) = H*(p, —r, t). If a 1D time independent schrodinger equation

= A2 - - - - - -
H= zp—m + V(r) is assumed for simplicity, the requirements are represented as a function of

potential. As a result, PT-symmetric non-Hermitian system has a potential: V(r) = V*(—r).

Interestingly, the PT-symmetric non-Hermitian Hamiltonian has been actively studied

recently in optical systems as well as quantum systems [6-7]. They are mathematically

2 2
connected by the analogy between the Helmholtz equation (%+%+

2

2
(%) e(x,z)) E(x,z) =0 for a photonic system and the Schrodinger equation (;7+

2

2 — -
%) Y (x,z) — dek(% z) = 0 for a quantum system. In a non-Hermitian system

with PT-symmetry, the permittivity condition of e(w,r) = €*(w, —r) must be satisfied in
a photonic system, which is corresponds to the complex potential condition of V(r) =

V*(—r) inaquantum system.

As a representative example, we consider a PT -symmetric coupled waveguide system

with balanced gain and loss, illustrated in Figure 1.2(a) [7-9]. PT -symmetric coupled



waveguide is composed of two sub-systems for gain and loss. For convenience, we call the
propagation constants of the eigenmodes of the two decoupled sub-systems f;, . Here, the

weg ffooo ffooo(nz —-n2)Ep-Eq dxdy
o 0 . "
S0 S0 Uz (EpXHp+EpXHy) dxdy

coupling coefficients kq,, k1 are defined as kpq = . In this

case, f = f1 =f; and k = Ky, = K;; due to the balanced gain and loss in the structure.

The amplitude of the optical modes A;,(x) in the two channels can be expressed by

i & ﬁ]=[ﬁ1 K12

Al]_[,@ K][Al] _ o .
rrle e ,32] [ 4,1 e plla,) where x is the propagation direction. In this

case, the propagation constants of the coupled modes are Bcoupled =%(,31 +B2) +

\/K12K21 + E (B — BZ)]Z = Re(p) + \/lez — [Im(B)]?, where EP can be formed when

Im(B) = |k|. Figure 1.2(b) shows the effective mode index negr Where Beouplea = Mefrko-

Moreover, the gauge transformation allows a constant C in the imaginary part of the
permittivity so that an EP can be manipulated in the P-symmetric system with asymmetric
losses, called the passive PT -symmetric system. In the coupled waveguide with asymmetric
losses, the two modes are decoupled as the loss increases in the system, resulting in a loss-

induced transparency phenomenon [7, 10].



1.2.2 Graphene plasmonics

‘s

FLE TS
=" N

;;.....:f.,

Figure 1.3: Hexagonal lattice of graphene [11]. Unit-cell vector is indicated by a: and a, (arrows)
with a lattice constant a = 2.461 A .

Figure 1.4: Electronic band structure of graphene with Dirac cone [12].

Graphene is a two-dimensional material composed of carbon atoms in a honeycomb
lattice structure shown in Figure 1.3 [11]. It is structurally and chemically stable since the

carbon atoms are bonded in SP2 hybridization with n-electron cloud, where the bond length



is only 0.142 nm. The electronic band structure of graphene is shown in Figure 1.4 that it has

a linear gapless band structure called dirac-cone near K point [12]. Graphene has attracted

tremendous attention thanks to its superior properties that it is two hundred times stronger

than steel with excellent electrical and thermal conductivity. In addition, it is very thin and

flexible with one atom thickness of 0.34 nm, while it has a strong light-matter interaction

with universal absorption of 2.3%.

Graphene has an extremely confined plasmonic mode in the mid-infrared range that it

has small optical mode volume, which is helpful to miniaturize active plasmonic devices to

subwavelength scale with enhanced light-matter interaction [13-15]. In particular, graphene

plasmon can be confined into a nano-ribbon resonator array with 100 times smaller than the

free space wavelength. Meanwhile, its optical properties are electrically tunable thanks to the

low charge density of graphene compared to noble metals. As a result, it has been

demonstrated that the amplitude and phase of electromagnetic waves can be electrically

controlled by the graphene nanoribbon electro-optic modulator ranging from mid-infrared to

terahertz [16]. Furthermore, it has been recently revealed that the oscillator strength of

graphene nanoribbon can be further improved by the non-resonant field enhancement of

noble metal plasmonic pattern with subwavelength scale which increases the radiative

coupling of the graphene nanoribbon [17, 18].
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Figure 1.5: Schematic of graphene surrounded by two materials with €, and &, [19].

Here, we can derive the dispersion equation of graphene plasmon where graphene is
surrounded by two materials with the permittivitties of €, and €, having the flat interface

(Figure 1.5) [19]. First, Maxwell’s equations are represented:

OB ;

VXE]' :_6_t]' (11)
_ & OE;

VXB;= =51 (1.2)

In this case, a solution of Maxwell’s equations for the TM polarized light are known to be:

E; = (E;,X + Ej ,2)ex p(iqx — K;lz]), (1.3)

B; = B exp(iqx — k;|z|)y (1.4)

2

2
where | represents the material and sz = q? —gfcw . If we put the above electric and

magnetic fields (Equations 1.3 and 1.4) into the Maxwell’s equations (Equations 1.1 and 1.2):



. ijZ
Eji,=1 sgn(z)w—ngj,y, (1.5)

E,=—-1-B,. (1.6)

'],Z .
(A)SJ

When we apply the boundary condition at z=0 with assumption of o, = 0, = o(w),

the graphene plasmon dispersion relation w(q) can be obtained:

&1 &y — lO'((lJ) (1.7)

+ =
k1(qw)  Kk2(qw) weg

where o(w) is the optical conductivity of graphene. If we consider a lossless graphene (y~0)

in the non-retarded regime where g >» +/ew/c, the dispersion relation can be simplified:

~ . 2WEEy
q =i (1.8)
e’ (1.9)

~ ]
p eggh?w?

If we consider a graphene nanoribbon resonator with the width of W, the constructive

interference condition can be represented:

2Re|k,|W + 2¢ = 2nn (1.10)

where ¢ is phase change for the reflection at the ribbon edge and k,, = 2m/A,. Finally, we

get the relation between the resonance frequency and the ribbon width:

e?Ep(nm—g)
2meggh?W *

(1.11)

2
Wres =

-9 -



1.2.3 Twisted bilayer graphene

gap

Eyus

Figure 1.6: Formation of moiré superlattice and electronic band structure in twisted bilayer

graphene. (a) Moiré superlattice and (b) its electronic band structure in twisted bilayer graphene.

Twisted bilayer graphene is made by stacking two graphene monolayers with rotational
misalignment. A quasi-periodic pattern, known as a moiré superlattice, is formed according
to the twist angle (Figure 1.6(a)), which determines the opto-electronic properties of the
twisted bilayer graphene [20-22]. The positions of the K and K' points in the energy-
momentum space depends on the twist angle, and the two linear Dirac-cones at K and K’
points overlap each other. In this case, the interlayer coupling leads to the anti-cross effect in
the band structure as shown in the Figure 1.6(b), and a saddle point corresponding to the van
Hove singularity is formed in the energy-momentum space [22-23]. As the twist angle
increases, the distance between the two Dirac-cones at K and K’ points increases and the
energy of van Hove singularity starts to increase from 0 eV. When the twist angle reaches 60°,

the van Hove singularity energy reached around 2 eV. Therefore, ultrawide optical tunability

- 10 -



can be achieved by the twist angle engineering of graphene [23-24].

Precisely, the structure of twisted bilayer graphene (TBG) is obtained by rotating the top

layer (layer 2) with respect to the down layer (reference layer) around a pair of registered A-
. A3 1 __ A3 1 .
sites by 6. We adopt al—a-(? -5) and az—a-(? 5) as the lattice vectors of the reference

monolayer graphene, where a =~ 0.246 nm is the lattice constant. After rotation, the lattice

2

vectors of layer 2 can be calculated by a;”" = R(8)a;, where R (0) represents the rotation

matrix and i = 1, 2, respectively.

TBG has periodicity only in some specific angles since the periods of the two graphene
monolayers are in general incommensurate with each other. Here we follow the established
method [25] to define the conditions in which this commensurate system exists. The

commensurate angles are given by

0 = cos-1 (ﬂ) (1.12)

3q2+p?

where p, g € N, and g > p > 0. It is also convenient to define the accompanying parameters «

and f: a = 3/gcd (p,3) and gcd (p,3) means the greatest common divisor of integers p and 3.

Hence, the lattice vectors of TBG superlattice can be written as

-p+3 2
L, = pB La, +Fpaz, (1.13)

-11 -



LZ — __Zpal + p+3q aZ’ (114)

B B
when o = 1, and
-p— 2
L, =%a1+§a2, (1.15)
-2 —p+
L, =Tqa1+%az7 (1.16)

when o = 3.

Given this we can completely characterize the commensurate condition. For simplicity,

we will pick up p = 1 in the further calculations, such that gcd (p,3) = 1, and we have 21.8°

(=1, ¢=3), 13.17° (p=1, g=5), 9.43° (p=1, ¢=7), 7.34° (p=1, ¢=9), 6.0° (p=1, g=11), 3.89°

(p=1, g=17), 1.4° (p=1, g=47) and so on. Once L; and L, are known, all the carbon atom

positions in the unit cell of the superlattice can be found.

For TBG with small rotation angles, a long spatial period of Moiré pattern appears in this
bilayer system due to the mismatch of the lattice period from individual layers [24]. We
should note here that the Moiré pattern is not strictly superlattice since it does not satisfy the
requirement of an exact long-ranged orderly arrangement of atoms. The TBG associated with
a Moiré pattern can be regarded as a quasi-crystalline material. The unit vectors of the

reciprocal lattice for the Moir¢ pattern are defined by

-12 -



G; = by — by, (1.17)

G, = by — b3, (1.18)

where bjand b; are the reciprocal lattice unit vectors of the bottom and top monolayers,

respectively. The period of the Moiré pattern, LY and LY, can be obtained from L - G =

2mé;; with magnitude

M| — a 1.19
|L1 | 2sin(6/2) ( )

In contrast with the discrete commensurate rotation angles defined by Equation (1.12),
the rotation angle now could vary continuously as described in Equation (1.19). Taking
advantage of this property in Moiré pattern, we could investigate the physics of TBG with

any rotation angle.

Next, we can calculate the energy eigen-values and eigen-functions in TBG using the full
tight-binding model based on single p, atomic orbital for each carbon atom. Hamiltonian is

written as [24]

H=-Y.,t(R,R;)|R)R;| + H.c, (1.20)

where R; and | R;) represent the lattice point and the atomic state at site i, j respectively, and ¢

(Ri, R)) is the transfer integral of d = R; - R;. Instead of a nearest neighbor cut-off radius in
the transfer integral ¢ (R;, R;), we employed the approximation [24-29]
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—t(d) =V [1 - (d';z)z] + Ty (422)°, (1.21)

d—
Vopr = Voprexp(— =5, (122)
d-d
Vops = Vopoexp(= =5, (123)

where ao =~ 0.142 nm is the distance of the neighboring 4 and B sites on the monolayer, and do
~ 0.335 nm is the interlayer spacing. V°,,~ is the transfer integral between the nearest-
neighbor atoms of monolayer graphene and 1°,, is that between vertically located atoms on
the neighboring layers. Here we take 1,2~ -2.7 eV and V5,0~ 0.48 eV to fit the dispersions
of monolayer graphene and AB-stacked bilayer graphene. do is the decay length of the
transfer integral and is chosen as 0.184a so that the next-nearest intralayer coupling becomes

0.1 ¥°,,~. The transfer integral for d > 4ao is exponentially small and can be safely neglected.

The effective Hamiltonian near the § valley is given in a basis of (4, A2, B1, B>) as [24,

30]

H U T)' (1.24)

H. =

Here H; (/=1, 2) is the intralayer Hamiltonian of layer /, which is defined by the well-

known Weyl equation,
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H, = —hv(k —K?) - (405, 0,). (1.25)

The interlayer coupling Hamiltonian is given by [26]

U:(UAzAl UAzBl):(u, “')+( u “'“_5)ei561-r+( u u,a§>ei§(61+62)'r, (1.26)

Ug,a, Us,g, U u u'ab u wa"t  u

with a=exp(2mri/3). Recent experimental findings found that the distance d between two

graphene monolayers is not a constant, leading different values of « and u”: u=0.0797eV and

u’=0.0975¢eV [30].
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1.2.4 Ionic liquid

Figure 1.7: Various types of commercial ionic liquids. (From left to right) [Emim][l],
[Emim][TFSI]x 2, and [Hmim][TFSI]. These ionic liquids have different properties according to their
cation and anion.

Ionic liquid is a salt consisting entirely of ions, which doesn’t form crystals. It is in the
liquid state below 100°C, and in particular, ionic with a liquid state even at room temperature
are classified as room-temperature ionic liquid. It is often referred to as “design solvents” in
the sense that its properties are determined by selected cations and anions among the millions
of possible combinations [31-32]. In this case, hydrogen bonding in ionic liquid is quite

important that many of the properties of ionic liquid can be explained by the hydrogen

bonded interaction such as melting point, vaporization pressure, thermal decomposition, and
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the solubility of water [33-34].

This ionic liquid has been attracted huge attention especially in the research field of
electronic [35-37] and optical devices [38-39] due to its convenience for use. For example,
we can easily achieve a capacitance by just spreading the ionic liquid on the sample rather

than depositing a dielectric material.

@ Oe¢
Q0@ O

Anion Anion” Anion Anion” Anion-

A A A A

+ + + + + + + + + + + +

Figure 1.8: llustration of the electric double layer. Generally, it has a very thin thickness of a few
nm that the first layer is called Stern layer which is attracted to the surface charge.

When an external bias is applied to the ionic liquid, cations and anions are moved
according to the external bias. As a result, an electric double layer with capacitance is formed
around the electrode shown in Figure 1.8 [40-41]. When the positive external bias is applied
to the electrode, the first layer (Stern layer) of the electric double layer consists of anions

attracted to the surface charges by a Coulomb force. Next, the second layer is formed by
-17 -



cations, and the diffusion layer outside the electric double layer is formed in a bulk liquid by

a charge screening effect of the electric double layer.
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Chapter 2. Exceptional points in IMI plasmonic

waveguide without gain nor loss [1]

2.1 Introduction

The notion of Hermiticity has been the central tenet of physics for the last century.
Hermiticity of Hamiltonians was taken to be axiomatic to represent stable systems with real
eigenvalues that do not decay or grow in time, dictating energy conservation in physical
systems. On the other hand, realistic systems of interest comprise of several subsystems with
energy exchange in between. This has led to the development of various formulations built on
non-Hermitian Hamiltonians to explain the physics of each individual subsystem in various

fields [1-11], ranging from nuclear scattering [12] to quantum chemistry [13].

However, non-Hermitian Hamiltonians possess much richer physics that was only
recently unmasked. The groundbreaking study of Bender and Boettcher showed that even
systems described by non-Hermitian Hamiltonians can exhibit real eigenvalues if the parity-
time (PT) symmetry is satisfied [14]. These interesting notions of PT -symmetry have
become of immediate practical importance after the idea was embraced by the field of

photonics, where the analogy between the Schrodinger equation for a quantum system and
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the paraxial wave equation for a photonic system was spotlighted [15]. The photonic systems

of interest would be composed of two coupled subsystems with respective gain or loss, and

the transition from real to complex eigenvalues (i.e. the exceptional point) would be observed

depending on the interplay between the balanced gain/loss and the coupling strength between

the eigenmodes of the subsystems.

This new understanding of the operation principles of the coupled photonic systems near

the EP allowed for the observation of new intriguing phenomena such as single-mode lasing

[5,7], light trapping [6], and unidirectional invisibility [8,9]. Most of the optical systems

exhibiting EPs have been realized by balancing the energy gain and loss of the constituent

materials, which require elaborate experimental efforts and thus limits their practicality. To

circumvent this issue, EPs in optical systems with structurally broken PJ-symmetry have

been actively studied. For example, there have been studies that replaced balanced gain/loss

setup with asymmetric loss-only configuration, which is the gauge-transformed system of the

PT-symmetric system, possessing EPs forming at the transition between the states with

complex eigenvalues [16]. Other works have utilized radiation loss instead of material loss

[17], exploiting their mathematical equivalence in the optical Hamiltonian. Nevertheless, to

the best of our knowledge, all optical EPs that have been realized so far require energy

exchange with outer systems.

In this study, we reveal the possibility of exhibiting an EP in optical systems with neither
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energy gain nor loss. We argue that, unlike in quantum mechanical systems, the Hermiticity
of optical Hamiltonians for paraxial-wave systems is not directly related to energy
conservation, as the eigenvalues of optical Hamiltonians are propagation constants of optical
modes, not energy. As a representative example, we investigate lossless IMI plasmonic
waveguides. Here, the IMI waveguide has eigenvalues of its optical Hamiltonian
transitioning from being purely real to becoming a pair of complex conjugates. This behavior
is strikingly similar to the conventional PJ -symmetric systems with balanced gain and loss
[2,18], even though each eigenmode does not experience actual gain nor loss. We also show
that the EP in this system is robust to both P- and T-symmetry breaking. Furthermore, we
numerically demonstrate a third-order EP with significantly higher sensitivity to the
parameter matrix (i.e. when a small perturbation leads to a drastic change in the eigenvalues
[19-20]) by combining two EPs in the parametric space. Finally, we investigate asymmetric
IMI structures with and without material gain and loss, and numerically demonstrate the
constant presence of EP regime in all cases. This study has been published in Physical

Review Applied on Nov. 17, 2020 (© 2020 American Physical Society) [1].
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2.2 Exceptional points in IMI waveguide

2.2.1 Exceptional points in a non-Hermitian two-level system

Conventional PT-symmetric waveguide ; Suggested IMI waveguide
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Figure 2.1: Schematic of the conventional PT-symmetric system and suggested IMI waveguide.

Permittivity profile, waveguide structure, and the effective mode index are represented.

We start by considering the general case of a two-level system. The generalized

mathematical condition to form an EP in a non-Hermitian two-level system with the

b) is given by (a — d)? + 4bc = 0 [21]. This condition allows an

Hamiltonian H = (ZL d

EP to be formed even without PT-symmetry [22]: when Re[a] = Re[d] so that a —d is
purely imaginary while b = ¢*; or when a —d isreal and b = —c”. In a system of coupled
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waveguides, a and d correspond to the propagation constants of the eigenmodes of the

subsystems, while b and ¢ correspond to their coupling coefficients [16,23]. For example,

photonic systems with symmetric real propagation constants and asymmetric losses [16] or

radiation modes [17], as well as PT -symmetric systems where [3,24] a = d*, correspond to

the case with purely imaginary a —d and b = c*. The condition b = c* is generally

satisfied in symmetric coupled waveguides [23], except for anti-PT -symmetric systems

where [25,26] a = —d* and b = —c*. Therefore, most studies consider PJ symmetric

systems with gain and/or loss where a — d 1is purely imaginary. However, it is still difficult

to achieve a stable existence of an EP in conventional gain-loss photonic systems because of

the low efficiency, narrow bandwidth, and nonlinear instability of gain materials. The

selection of proper materials is also very limited. To avoid these problems while accessing the

EP regime, one may consider a plasmonic system with purely imaginary a and d, so that a —

d is always purely imaginary. The simple IMI plasmonic waveguide is a handy example of

such system (Figure 2.1).
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2.2.2 Exceptional points in plasmonic IMI waveguide
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Figure 2.2: Exceptional point in the lossless IMI waveguide. (a) Schematic of the IMI plasmonic
waveguide, including the H, field profile of the two propagating eigenmodes with positive (|f}; blue)
and negative (|b); red) energy velocity. (b) Energy velocity, and (c) effective mode index of the
eigenmodes in the lossless structure showing the onset of the EP regime (the black dot in (b)) at the

core thickness of agpky = 0.207; calculated for when &, = g, = 12,y = —10.

Figure 2.2(a) schematically depicts the IMI plasmonic waveguide comprised of the two

IM terfaces, with the insulator layers I; and I (with dielectric permittivities &pq,;
Re[¢;1,2] > 0), and the metal core M (Re[ey] < 0). Then, we define p; = |Re[81]-]/Re[sM]|,

and y; = Im[ej]/Re[ey], j = 1,2. The plasmonic dispersion relation for a single IM interface

is given by [27,28]: fim = konim = ikO\/SMsl/(sM+£I) where fiq and npy are the
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propagation constant and effective mode index of surface plasmon (SP), respectively, and
ko = 2m /A, is the free-space wavenumber. The dispersion of the IMI waveguide is known to

be [27,28]:

(14 Do) (g4 2002) = (4 - 20 (7 i) o2y 2.1)

E11KkM E12KM E11kMm E12KM

where kj = ik, ; = ’ B2 — e,—ké is the decay constant along the y-axis, a is the metal core

thickness, and [ is the propagation constant of the IMI eigenmode in the x-direction.

When p;, =p >1 and the system has neither gain nor loss (y;, = 0), the IMI
waveguide can support two propagating TMy eigenmodes, both having even parity of the
governing H, field. Furthermore, these modes have antiparallel energy velocity, while their
phase velocity is of the same sign [29]. This exotic property originates from the fact that the
power flow in the metal and the dielectric layer are in opposite directions, and thus the net
power flow can have either a parallel or antiparallel direction to the phase velocity depending
on the transverse field distribution of the modes. The energy velocity is given by vy =
[ S,dy/ [udy, where Sk is the x-component of the Poynting vector, and u is the time-
averaged energy density [30]. For convenience, we call the mode with positive vy a forward
mode |f), and that with negative vy a backward mode |b). As the core thickness increases,
vg of both eigenmodes converge to zero (Figure 2.2(b)), and their effective mode indices,

ness = f/ky, become degenerate as shown in Figure 2.2(c). At this point not only the
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eigenvalues but also the field profiles of the eigenmodes coalesce, which is a pronounced
characteristic of the EP. In the symmetric IMI waveguide (&1 = €1 = €12), the group velocity
of each eigenmode dw/df and the geometry-related parameter da/df can be derived

from the dispersion Equation (2.1):

2-aki[1-(ngg/nim)] (2.2)

2—aemk[1-(MZg/ni)]

L= cn
aﬁ - eff

Jda
— = kyn
B ofteff

z—a;q[l—(néff/nle)]
d (2.3)

Kk [1-(Eee/niv)]

where ¢ is the speed of light. Note that the coalescence of the eigenmodes leads to the
formation of an EP where both dw/df and da/df simultaneously vanish at agp =
2Ky 1[1 - (ngff/nIZM)]_l. Interestingly, it has only been recently spotlighted that the

eigenmodes’ coalescence at exceptional points and the vanishing group velocity are

theoretically linked in systems with certain distribution of loss and gain [6].
The manifestation of an EP in the IMI waveguide can be understood by investigating the

properties of the system’s optical Hamiltonian H = (Z Z), where a and d correspond to the

eigenvalues of the two isolated IM interface modes (fyy). In the regime when p;, > 1 and
Y12 = 0, each isolated IM interface supports only a non-propagating leaky mode with Sy
purely imaginary [27,28], which satisfies the mathematical condition to form an EP as a — d

is purely imaginary.
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In the IMI waveguide with a finite core thickness, the coupling between the two IM

interface modes results in a pair of eigenmodes that are no longer leaky, but confined in the

transverse direction. In weak coupling regime (a > agp), the effective indices of eigenmodes

become a pair of complex conjugates, although they do not experience any actual energy gain

or dissipation. As the metallic core gets thinner, the coupling between the two IM interface

modes, b and ¢, grows, and eventually balances out the “fictitious” gain/loss at @ = agp,

allowing for the two modes coalesce at the EP with a real index. As the core thickness further

decreases (a < agp), the coupling strength outweighs the fictitious gain/loss and the effective

index of the propagating modes, |f) and |b), diverts from each other as shown in Figure

2.2(c), similar to the PT -symmetric case [2].

In terms of the governing magnetic field Hz, the eigenmodes have nonzero Re[Hz],

while Im[Hz] = 0, as shown in Figure 2.3(a). As the core thickness increases, the two

eigenmodes (Figure 2.3(a), blue and red) coalesce at the EP when a = agp (Figure 2.3(a),

black), still having a real effective index. When a > agp, the two eigenmodes split again,

with their effective indices being a pair of complex conjugates, which is reflected in the field

profile (Figure 2.3(b)). This demonstrates that the system always supports two eigenmodes

except for the EP.
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Figure 2.3: Magnetic field profile of TM eigenmodes in lossless IMI waveguide. (a) Purely real
magnetic field of propagating eigenmodes before the onset of EP regime (blue, forward mode; and red,
backward mode), and coalescent field profiles of both modes at the EP (black). (b) Real and
imaginary parts of the magnetic field for non-propagating eigenmodes after the onset of EP regime.

& = 12, &y = —10; dashed lines indicate location of IM interfaces.

The behavior of |f) and |b) modes in IMI waveguides is nearly identical to that of the
modes in coupled waveguide systems with balanced gain and loss except for two key
differences. First, the energy flux ([ Sydy) of both modes converge to zero and thus the
modes are non-propagating beyond the EP (i.e., the waveguide is thicker than the critical
thickness). Note that, in conventional gain-loss balanced systems, the eigenmodes still have
non-zero energy velocities even beyond the EP where the effective indices of the modes
become complex. Consequently, we speculate that the encircling of the EP in the parametric
space of the optical Hamiltonian exploited in many previous studies [10,31-32] would not be
possible in our lossless IMI configuration. Second, more importantly, the IMI waveguide
under investigation can be considered a closed system without energy exchange with the

environment. Constituent materials possess purely real primitivities, hence modes have zero
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ohmic loss, as well as zero radiation loss, since both |f) and |b) are guided modes whose

electromagnetic fields decay exponentially further from the interfaces.

At first glance, it may sound contradictory that a Hamiltonian of a system without energy
loss or gain could be non-Hermitian. However, we point out that, unlike in quantum
mechanical systems, Hermiticity of optical Hamiltonians for paraxial-wave systems does not
require energy conservation since their eigenvalues are propagation constants of the optical
modes and not energy [15]. Accordingly, the spatial coordinate along the axis of propagation
(in our case, the x-axis) in the paraxial equation plays the role of the time # in the Schrodinger
equation [2]. In typical optical systems, these differences are not pronounced as the phase and
the energy of the modes propagate in a similar manner. In contrast, the phase and energy
propagations in our system are completely different. In the weak coupling regime (o > agp),
the effective indices of the modes are a pair of complex conjugates, whereas the energy
velocity vanishes. In the strong coupling regime (a < agp), the effective indices of the modes
are real numbers with the same sign, whereas the energy velocity of |f) and |b) have
opposite signs. As a result, the behavior of the mode indices and the eigenvalues of the
optical Hamiltonian are mathematically equivalent to that of a pair of waveguides with
balanced loss and gain, allowing an EP to be formed even in a structure without energy gain

or loss.
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2.2.3 Exceptional points in symmetric IMI waveguide
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Figure 2.4: Analysis of the EP regime in symmetric IMI waveguide with and without material
gain and loss. (a) Effective mode index of the eigenmodes with and without material gain/loss y =
Im[e]/Re[g;] for when Re[g] = 12,y = —10 (p > 1), showing the constant presence of the EP at
the coalescence of the two even eigenmodes (red and blue) with antiparallel energy velocity. (b) Core
thickness agpk, corresponding to the onset of the EP as a function of y and p in the waveguides
with p > 1; black dots indicate system parameters in (a). (¢) Effective mode index of the eigenmodes
with and without y when Re[g] = 8,y = —10 (p < 1): one even (|f); blue) and one odd (TM;;
green) eigenmodes are supported by the structure unless non-zero y is introduced, forbidding the
existence of EP in the lossless case. (d) Same as in (b), for waveguides with p < 1, showing the

divergence of agp when y — 0 ; black dots indicate system parameters in (c).

Figure 2.4 shows the properties of the EP as we introduce actual energy loss and gain in a

balanced manner (i.e., y = ty; = +y;) to the symmetric IMI waveguide system with p; =

- 33 -



p, = p > 1. Figures 2.4(a) and (b) show how the mode indices and the critical thickness,

agp, vary depending on the system parameters, respectively, when & is fixed to —10. Ata

constant p, we observe that EP occurs at smaller core thicknesses as |y| increases. With a

fixed |y|, agp also decreases with increasing p, akin to balancing out larger gain and loss

from the individual modes’ indices with stronger coupling in a PT symmetric coupled

waveguide system. When non-zero y is introduced, the energy velocities of the modes

beyond the EP (a > agp) are no longer zero, but actually convey energy along the

propagation direction as in the conventional coupled waveguide system with balanced gain

and loss.

On the other hand, when p is sufficiently smaller than 1 and y = 0, each IM interface

supports propagating surface plasmons with Sy being real. The IMI waveguide supports

one even (TMo) and one odd (TMi) modes, both having real propagation constants and

positive energy velocity. These two eigenmodes cannot become degenerate because of

different field parity (Figure 2.4(c)). In this case, the EP can be retrieved only with

symmetrically introduced gain and loss (Figure 2.4(c)) which would correspond to a

conventional PT-symmetric system [2,18,33]. Therefore, agp diverges as y — 0 (Figure

2.4(d)), and EPs are exhibited only if |y| > 0. Here again, agp decreases with increasing

|y| due to a stronger coupling being required to balance out the increased gain/loss. The

dependence of agp on p may seem somewhat nontrivial but can be explained using the
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similar reasoning of coupling balancing out gain and loss [2].

So far, we discussed the properties of the eigenmodes when p was either larger than 1 or
substantially smaller than unity. Interestingly, we found that the dispersion properties of
lossless IMI waveguides possess non-trivial fine structures for transitional cases at p = 1 as
summarized in Figure 2.5. As we already discussed, in the regime with p > 1 (y = 0), there
exist two eigenmodes with negative and positive energy velocity (Figure 2.5(a)), both having
even field parity. In Figure 2.5(b), we plot the same eigenvalues as a function of a on a
complex plane in order to clearly show their dynamics near the EP (shown by the red dot) as
a transitions through agp. The arrows indicate the evolution of eigenvalues as the core
thickness increases for propagating (solid) and non-propagating (dashed) modes. When p
becomes slightly less than 1, two additional modes with positive energy velocity enters the
solution space: one with an odd and one with an even field parity, so that all propagating
modes shown in Figure 2.4(c) exist at the same time (Figure 2.5(c)). The mode with the
highest nqg corresponds to the TM| mode (green), and the others correspond to TMo modes.
Among the TMy modes, the backward mode |b) (red) coalesces with each of the two
forward modes |f;), |f2) (blue), so that the two separate EPs are formed in the system, as
demonstrated in Figure 2.5(d) on a complex plane. As we further decrease p, the two
separate EPs merge at the same agp, as shown in Figure 2.5(e). Then, three TMj eigenmodes

coalesce at a single agp, forming a third-order EP (encircled red disk in Figure 2.5(f)). The
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value of p associated with a third-order EP made from the fundamental modes is the
minimum possible for a given system, and no EPs are present if p is smaller than this value
unless actual gain and loss are introduced to the system: although the real part of the effective
mode indices is still degenerate, the imaginary parts of the two eigenvalues deviate from zero,
and the modes become leaky (Figure 2.5(g)). In this case, only two propagating modes with
different parity remain propagating. This change in the eigenmodes’ behavior can be clearly

seen on a complex plane, as shown in Figure 2.5(h).

a 30 € 30— r r T T € 30 9 30
B Re Im p=1 ™, p=1097 p=10.96
L sl = 2 % 20 =
x x x
§ by S I 3 ]
= 2 S |b) ) =
§ 10 g 10 3 10 3
E 1)~ £ 1) g [ E
o [] (] [
2 [ ssssmmedsTS 2 o I ---1 %
] A, g0 el 3 0 T @ Dpremenemnassssneasmine
w m o ‘ ]
10 -10 ; : : —1ok=i : Qb= .
026 028 030 032 034 026 028 030 032 034 026 028 030 032 034 026 028 030 032 0.34
Core thickness (ak,) Core thickness (ak,) Core thickness (ak;) Core thickness (ak,)
b o.10 do.10 f 15 h 50 . . . .
A A ' 1.0 N » ey
0.05 0.05 25 1
0.5
= I 1b) < 12} |b) Vi) - - If)
& — -— = — -— — 5 — s —_—
£ 9 . < o . . £ 0 Eo
E ) E 2 ¥2 E E
-0.5
-0.05 -0.05 ; =25 - -
¥ ¥ ‘ -1.0 ~
-0.10' L L L -0.10 L L -15 -5.0 L L
5 6 7 8 9 10 6 8 10 12 14 16 1 7 8 9 10 1 12
Re(n.q) Re(ny) Re(n,y)

Figure 2.5: Formation of third-order exceptional point in lossless symmetric IMI waveguide. In
the top raw, effective indices of the eigenmodes as a function of core thickness are shown for the
systems with different p (gy = —10): (a-b) g = 10, (c-d) & = 9.7, (e-f) g = 9.65, and (g-h)
& = 9.6. In the bottom row, same effective indices are plotted on a complex plane. (b) and (d)
demonstrate the second-order EPs (red dots) corresponding to (a) and (c), respectively. (f)
demonstrates the coalescence dynamics of three eigenmodes shown in (e) which form the third-order
EP. No EPs exist for smaller p as demonstrated in (g) and (h). In the complex plane plots, arrows
indicate the evolution of the effective index of propagating (solid) and non-propagating (dashed)
eigenmodes as core thickness increases. The intersection angle between the real and imaginary parts
of the effective indices for the second-order EPs is always (b,d) ¢, = /2, while (f) ¢3 = /3 for
the third-order EP.
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We note that, in a conventional photonic system, three subsystems with propagating
modes are required to form a third-order EP, which typically correspond to the modes with
gain, loss, and a neutral one (with neither gain nor loss). Excitation and simultaneous
coalescence of three eigenmodes is not a trivial task, hence complicated geometries have
been suggested to form a third-order EP [20,34]. Here, however, we show that a third-order

EP can be formed even in a simple lossless (y = 0) IMI waveguide structure.

The intersection angle between the eigenvalue traces on the complex plane represents the
degeneracy order at the EP. If we assume a system with n eigenmodes, it can be described by
an n X n Hamiltonian. In the vicinity of the n-th order EP, where the Hamiltonian solutions
can be approximated as straight lines (Figures 2.5(b), (d), (f), and (h)), the Hamiltonian can

be written as n-th order equation with n degenerate roots near the EP as follows [35]:

(A = Bep)™ = 1"eMom = ¢, 24)

where A,, are the eigenvalues of the Hamiltonian, Sgp is the degenerate eigenvalue at the
EP, Re(¢) =r™, and 6, = 2mrm/n, m =0,1,2, ---,n — 1. Then, the eigenvalues of the
Hamiltonian are given by A,, = Sgp + re®m, and thus the parameter & determines whether
the eigenvalues are real or complex, and is zero at the EP. From the perspective of the
coupled mode theory in a conventional PT -symmetric structure (n = 2), for example, & =
lkc|? — |[Im(Bsup)|?, Where k. is the coupling coefficient and S, is the propagation

constant of an eigenmode of the subsystems. In the real eigenvalue regime, the value of ¢ is
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positive, and according to the Equation (2.4), all the eigenvalue lines on a complex plane
should intersect at the EP with the same angles 2¢,, = 2n/n = 6,,/m between them. In the
complex eigenvalue regime (or PT -broken regime), ¢ is negative, which can be treated as a
positive real value with 6,, = (2m + 1)m/n. Therefore, upon the transition through the EP,
the eigenvalue lines intersect at the EP with the same angles ¢, = n/n =60,,/2m in

between them as we show in the Figures 2.5(b), (d), and ().
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2.2.4 Exceptional points in asymmetric IMI waveguide

030~ b 18 c 04
= ! R Y
J ' 11 —o
025 = 1.6 0.2 it
iV . —025
020 ® 3
w148 E o= al —=
& / £ ==
015 & = - B
2 1.2 0.2 0, E=
0.10 @ . -
S il v vy
! o 1.0 : -0.4 . . s s
1.0 15 2.0 25 1.0 ) ! : 60 62 64 66 68 70

Py Re(n.q)

Figure 2.6: Analysis of the exceptional point regime in asymmetric IMI waveguide with and
without material gain and loss. (a) Core thickness agpk, corresponding to the EP regime when
p12>1 and y; = 0. (b) Specific ratio between the material gain/loss in two insulator layers
—Y2,ep/Y1,ep required for the manifestation of EP as a function of p;,. (¢) Complex plane plot of
effective indices of the waveguide eigenmodes, showing the second-order EPs (red dots) formed when
Y; = 0 (black lines) and y; # 0 (red and blue lines); Re[e;] = 12,Re[e;] = 11,6y = —10 as
indicated by the black dot in (a) and (b). Arrows indicate the evolution of the eigenmodes’ effective

indices before (solid) and after (dashed) the onset of EP regime as core thickness increases.

Finally, we consider IMI structures with broken P -symmetry (&1 # €2). As we
discussed above, purely imaginary (but not necessarily equal) a and d in the Hamiltonian
secure a —d to be always purely imaginary. Therefore, P-symmetry is dispensable for
manifestation of EP in the IMI plasmonic system when p; and p, > 1 and y;, = 0. To
illustrate the constant presence of EPs in the parametric space, we calculate agp from the
Equation (2.1) for the asymmetric IMI waveguide as a function of p; and p,, as shown in
Figure 2.6(a), while maintaining the core permittivity &y = —10. In this case, similar to the
previous cases, agp decreases as either p; or p, increases. The characteristics of the

eigenmodes are still similar to the eigenmodes of the symmetric IMI setup. In contrast, the
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system with broken P-symmetry and y;, # 0 requires a specific ratio of gain and loss
+Y,ep/+Y1Ep in order to access the EP regime depending on the values of p;,. We
calculate the required ratio —y,gp/¥1gp as a function of p;,, confirming the consistent
presence of EPs (Figure 2.6(b)). We observed that the condition p;, > 1 must be satisfied;

otherwise, EP regime cannot be achieved even if gain and loss are introduced.

The complex-plane trajectory of the eigenvalues in the asymmetric structure near the EP
regime is represented in Figure 2.6(c) In the lossless case (y;, = 0; black lines), the real and
complex eigenvalue regimes are divided by the EP, as discussed above. However, the
eigenvalues of the system with both P- and T-symmetries broken are not required to be real,
and the existence of an EP is possible in the complex eigenvalue regime. For this type of an
EP with a complex eigenvalue, the unbalanced gain and loss are reflected as the rotation of
the eigenvalue trajectories near the EP and the parameter ¢ in Equation (2.4) becomes
complex rather than real. This is shown by the blue and red lines in the Figure 2.6(c): as
Y12ep become larger, the rotation angle also increases with constant intersection angle ¢, =
/2. We note that these type of EPs with complex eigenvalues have been widely studied in
other photonic systems including passive PT-symmetry with asymmetric material losses [16],

and radiative losses [17].
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2.2.5 Fabrication feasibility and figure of merits

In this theoretical study, we calculated the energy velocity v, rather than the group
velocity vg, as a figure of merit of the light-trapping device in the absence of the frequency
dependency. Here, the v,/c was calculated to be ~7 X 107> (Figure 2.2(b)) in the
suggested IMI plasmonic waveguide, where vg/c was at most 1072~1073 scale in
previous studies [36-38]. Although there may have been significant improvements in the
working principle of light trapping using EP, it needs to be verified experimentally rather than

just theoretically.

In addition, the material loss should be counterbalanced by the material gain to form an
EP in the suggested IMI waveguide. In order to realize the suggested structure, it would be
important to find low-loss materials. Here, we introduce a silicon carbide (SiC) as a strong
candidate. SiC has a metallic property with a low loss of —3.8 + 0.125i in the mid-IR range

of 11um.
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2.3 Conclusion

We demonstrate the emergence of EPs in an IMI plasmonic waveguide possessing neither
gain nor loss, including the case when P-symmetry is broken. The subtle but important
distinction between the Schrodinger equation and the optical paraxial equation allows an
optical Hamiltonian to be non-Hermitian even without energy exchange with the environment,
when materials with negative permittivities are introduced to the system and thus the
directions of energy and phase propagation are no longer parallel. Furthermore, we show the
possibility to combine EPs to generate a higher-order EP in a very simple plasmonic structure.
Generally, accessing a higher-order EP in photonic systems is complicated due to the
necessity of simultaneously exciting three eigenmodes that coalesce in the EP regime. Our
study suggests that generation of a third-order EP is possible in a simple IMI structure, which
relaxes the geometrical and material restrictions, and gives an insight into generating higher-
order EPs. Finally, we analyze more conventional cases with gain and loss in the system,
showing that achieving an EP in the system with broken P-symmetry requires an asymmetric
gain and loss profile. We speculate that our findings are not limited only to the plasmonic
systems, but also extend to a wider class of photonic systems with decoupled phase and

energy propagation.
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Chapter 3. Near-infrared plasmonic modulation by Moiré

Superlattice Engineering in Twisted Bilayer Graphene

3.1 Introduction

A quasi-periodic pattern, known as a moiré superlattice, is formed in various two-
dimensional van der Waals structures with lattice mismatch. This geometric pattern leads to
the alteration of the electronic bands in the structure [1], which can be tuned via the twist

angle of the rotational misalignment of the unconventionally stacked 2D materials [2].

Among the various stacked van der Waals crystals, the twisted bilayer graphene (TBG)
has been actively studied, since not only its optoelectronic properties can be easily tuned by
changing the twist angle [2-6], but also due to the inherent exotic properties of graphene [7-
11], such as high electron mobility, outstanding electro-optical tunability, remarkably high
quantum efficiency of the light-matter interaction, and the extreme field confinement of its
plasmonic mode. In particular, the small-angle TBG with a twist angle near 1.1°, called the

“magic-angle”, has attracted a lot of attention due to its intriguing properties [12-15]: the
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superconductivity and correlated insulator behavior, stemming from a flat band in its

electronic bands structure.

On the other hand, the intermediate- and large-angle TBG also exhibit unconventional

properties, such as the tunable circular dichroism in the structure with chiral stacking [16] as

well as the optical conductivity [1,2], photocurrent [17], and excitonic behavior [6,18-20], all

resulting from the electronic band structure of the moiré superlattice. Furthermore, it has been

recently shown that the flat band can be observed also in the intermediate- and large-angle

TBG under high pressure, implying the probability of the superconductivity even at larger

angles [21]. However, the intermediate- or large-angle TBG are still overshadowed by the

“magic-angle” TBG despite their practical potential for the optoelectronic applications with

variable wavelength ranges.

In this study, we explore a potential for the modulation of the far-field near-infrared (NIR)

light through a twist angle engineering in the TBG with the certain designed angles, and

compare it with the case of the decoupled bilayer graphene (DBG) without the interlayer

coupling. First, the optical conductivities of TBG and DBG are calculated to investigate a

capability to modulate their NIR plasmonic response. Next, the plasmonic-induced absorption

in far-field regime is calculated to estimate the potential modulation efficiency in a

nanoribbon array of TBG with the selected twist angles. Furthermore, we predict that the

exciton-plasmon coupling would help to achieve the high-frequency modulation with wider
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ribbons, further relaxing the fabrication conditions. At last, we employ a TBG-based

metasurface with Salisbury screen to numerically demonstrate a significant reflection

modulation, including a perfect absorption regime, in a device with improved feasibility and

practicality.
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3.2 Electronic properties of twisted bilayer graphene

3.2.1 Moiré superlattices and electronic band structure

EEaP

Eyus

Figure 3.1: Formation of moiré superlattice and electronic band structure in TBG. (a) Moiré
superlattice and (b) its electronic band structure in TBG. Interlayer coupling results in the anti-

crossing effect with ener ap of E,,,, forming van Hove singularity with energy level of Eyyg
g gy gap gap g gularity gy

(represented by arrows).

Figure 3.1 illustrates a schematic of the moiré lattice and the formation of electronic band
structure in TBG. First, we consider a momentum space of TBG for a better understanding of
its electronic band structure with the twist angle dependency, which is investigated using the
tight-binding and the effective continuum models. In the hexagonal Brillouin zone of TBG,
the K and K’ points correspond to the Dirac points of the electronic dispersion in each
graphene monolayer, and their positions in the momentum space are determined by the twist
angle (Figure 3.2). At the Dirac points of the graphene monolayer, the valence and
conduction bands meet each other, and form the Dirac cones with linear dispersion [1-6],
according to the tight-binding model for p. orbital of carbon atoms in a honeycomb lattice

[2,22-23]. However, when it comes to the TBG, an interlayer coupling leads to the
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hybridization-induced anti-crossing effect between the two Dirac cones of graphene
monolayers, forming a unique electronic band structure with the twist angle dependency, as
shown in Figure 3.1(b) [1,5-6]. A saddle point appearing in the electronic band structure is

related to the van Hove singularity (VHS) with the energy level given by [24] Eyys =

hvpdk/2 —tg where Ak = |ﬁ — I?| = 2|FI?| sin(6/2) = 8msin(6/2) /3a, where vg
and a are the Fermi velocity and the lattice constant in monolayer graphene, and tg is the
interlayer hopping parameter. As the twist angle 6 increases from 0° to 30°, the two Dirac
cones move further apart from each other and Eyyg increases from 0 eV to about 2 eV [25].
The small energy gap at the VHS (Eg,,, in Figure 3.1b) is due to the anti-crossing effect and

is independent of 6.

Moiré
Brillouin zone

Figure 3.2: Momentum space of twisted bilayer graphene with K and K’ points (Dirac points).

The positions for the K and K’ points are determined by the twist angle.
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We note that the Moir¢ superlattice can always be defined for any twist angle, however,
the periodic superlattices with the well-defined unit cells are manifested only at the
commensurate twist angles d, where the period of the superlattice can be described as [24]
A=a/2sin(8/2). The atomic lattice and the band structures of DBG and TBG with the
commensurate intermediate-angles of 3.89°, 5.09°, and 6.01° are shown in Figure 3.3. As 6
becomes larger, 4 decreases, while Eyys increases. These unique features of the TBG
electronic band structure affect its electrical and optical properties, thus allowing their

tunability with the twist angle.
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Figure 3.3: Twist-angle dependent moiré superlattices and electronic band structures. Moiré¢
superlattices and calculated electronic band structures of the TBG for (a, d) 3.89°, (b, €) 5.09°, and (c,
f) 6.01°.
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3.2.2 Optical conductivity of twisted bilayer graphene

We proceed with the investigation of the optical conductivities of TBG and DBG, &rgq
and opgg, to explore their electrodynamic response in NIR. The optical conductivities (or

dynamic conductivity) are given by the Kubo formula [1,26-27]:

L reCempdme(ons) oy k) Ko m k) (3.1).

€Emk—€nk NWi—€nktemk

2

Zh s
Oxx (W) = e_- ’ (ng)zf dk? Ymn

Here, g =2 is the spin degeneracy, w, = w +i0%, np is the Fermi distribution
function, €, (€x) and |m, k) (|n, k)) represent the Bloch eigenenergy and eigenstate,
respectively, with band index m (n) and of the momentum Kk in the first Brillouin zone, which

can be obtained by either the tight-binding model, or the effective continuum model [2,22-23].

vx 1s the velocity operator given by v, = —%[x, H]. The sum over m, n counts all possible

transitions between the filled and empty energy states, in which m # n corresponds to the

interband transitions. Importantly, the optical conductivity determined by the intraband

contributions (m = n) can be written as [1,26-27]:

2R g )
Uxx(w) = eT ' (ZgT)zf dkz Zm% ' ﬁ <ml klvxlm, k><ml klvxlm, k)) (32)

- . . . 2
 Pe(em) ne(Enid) 3 Equation (3.1) has to be interpreted as ——
Emk—€Enk de

where the diagonal part o for
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The obtained orpg is a function of Eyyg and Ex which can be adjusted by the twist
angle and the electrostatic or chemical doping of graphene, respectively, while the oppg is
twice the o of monolayer graphene and a function of only Ef. First, for Eg = 0 (at a charge
neutrality point, CNP), the optical conductivity of intrinsic TBG is mostly determined by the
interband transitions. A characteristic peak enhancement appears at photon energy Epnoton =
E. () = 2Eyyus(0) + Egap, as shown in Figure 3.4(a), corresponding to the strong
interlayer VHS transition from the saddle point in the lowest valence band to the second
conduction band (see colored arrows in Figures 3.3(d-f)). The rest of the conductivity
spectrum is close to 20y, where g, = e?/4h is the universal background conductivity of the
monolayer graphene. Importantly, the peak energy moves to a lower value with decreasing

the twist angle, which is one of the fingerprint features of TBG.

For Eyyus(0) > Er > 0 (i.e. low doping), the characterized peak feature at high photon
energy regime remains the same, while a zero plateau appears for ho < 2Eg due to the fact
that the low energy interband transitions are blocked by the Pauli exclusion principle (5.09°,
6.01° in Figure 3.4(b)). In the meantime, the intraband transition gives rise to a narrow
Drude absorption at low photon energy, especially at zero [28]. The sharp rise at hw = 2Ef is
dramatically influenced by high temperature, and a smooth transformation occurs there in

terms of the temperature-dependent Fermi distribution function.
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Figure 3.4: Effect of van Hove singularities in optical conductivity. The optical conductivities of

DBG and TBG for 3.89°, 5.09°, and 6.01° are calculated with the various Fermi energy for (a) OeV
(CNP), (b) 0.2¢V, (¢) 0.5¢V, and (d) 0.7eV.
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For Eg = Eyus(6) > 0, the anti-crossing gap transition (interlayer hopping) between the
states near the van Hove singularities in the first and second conduction bands starts to
contribute and is dominant, as well as a spectral reduction occurs for the characterized
prominent peak in high photon energy regime. In this case, the anti-crossing gap transition

makes a noticeable peak enhancement in Re(orgg) when Eppoton = Egap (~0.3 €V in the
Figure 3.4(c)). Meanwhile, Re(orgg) is still enhanced when Eppoion = E¢(6), but the peak

amplitude is relatively reduced according to the decrease in the interlayer VHS transition at

We note that the peak enhancements in the Re(o) leads to a step-like enhancements in
the Im(o) according to the Kramers-Kronig relation [29]. Consequently, Re(d) quickly
returns to low values, while Im(o) stays at the increased level after the enhancement, as
shown in Figure 3.4. This behavior of orgg helps to obtain the enhanced plasmon resonance
at NIR frequencies with low loss, as the higher Im(o) leads to a longer plasmon wavelength,
which reduces the momentum mismatch between the free-space photons and TGB plasmons,

while the lower Re(o) results in a lower loss of the plasmonic mode [30].
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Figure 3.6: Effect of Fermi energy in optical conductivity. Optical conductivity with various Fermi
energies are calculated for (a) 3.89°, (b) 5.09°, and (c) 6.01°.
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If the Ef is increased further, possible optical transitions are very limited, so that
Re(orgg) is not enhanced anymore at the photon energy of E.(6) (Figures 3.4(d), 3.5) [1].
In this case, both the low Re(o) and the high Im(o) also can be achieved at high Ef,
because Re(o) decreases and Im(o) increases as Ep increases around the photon energy of
E.(0) indicated by dashed lines in the Figure 3.6. Notably, the significant tunability in orpg

can lead to the considerable modulation of the plasmonic response in TBG with varying Ef.

Summarizing, the high Eg is recommended to obtain both low Re(o) and high Im(o)
simultaneously, and thus, to achieve the NIR plasmon resonance with low loss. In addition,
2Eg should be at least larger than the target photon energy of 0.8 eV to avoid the interband
transitions (i.e. low Re(o)), while it is limited by 1 eV considering the experimental
conditions. At the same time, the Eyyg is recommended to be lower than the Ep (Eyps < Ef)
to exploit the enhancement of the orgg by the anti-crossing gap transition when Eppoton =
Egap. Otherwise, the VHS will not affect the orgg around the target energy of 0.8 eV due to
the high Eyyg if the twist angle is too large. In this case, orgg and opgg will be almost the
same in the regime of our interest (Figure 3.7). Likewise, the VHS will affect the orgg only
at the low energy level so that the optoelectronic properties around the target energy are hard
to be controlled if the twist angle is too small. As a result, we choose the three candidates for
the twist angles of 3.89°, 5.09°, and 6.01°. Specifically, the 5.09° TBG shows the remarkable

tunability in orgg near the target energy regime with its neighboring commensurate angles of
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3.89° and 6.01° (Figures 3.4, 3.6) so that they would have outstanding modulation of

plasmonic response in the regime of our interest.
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Figure 3.7: Optical conductivity of DBG and TBG for the high twist angle of 9.34° and 21.78°.
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3.3 Plasmonic properties of twisted bilayer graphene

3.3.1 Plasmonic resonance and absorption in twisted bilayer graphene ribbon array
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Figure 3.8: Periodic array of TBG nanoribbon with the ribbon width of W¢ in the ambient air

condition.

Next, the modulation efficiency of plasmon resonance can be further increased by
introducing a resonant structure. One of the widely used resonant structures is a periodic
array of graphene nanoribbons (GNR), which enhances the coupling of the electromagnetic
radiation to the graphene plasmons and act as plasmonic resonators [30-33]. First, we
consider a simple graphene nanoribbon array in an ambient air condition to explore a
potential for IR modulation using plasmonic resonance. In such a structure, it is easy to
control the plasmon resonant frequency which is inversely proportional to the square root of

the ribbon width Wg, while the period of the nanoribbons array is 2Wg (Figure 3.8).
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Figure 3.9: Plasmonic absorption with various Fermi energies in 3.89° TBG nanoribbon arrays.
The x- and y-axis represent the inverse the ribbon width and the photon energy, respectively, while the
color plot shows the plasmonic absorption in the structure. Et(6=3.89°) and plasmonic dispersion for

DBG are indicated by the whie and green dashed lines, respectively.
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Figure 3.10: Plasmonic absorption with various Ef in 5.09° TBG nanoribbon arrays. The x- and
y-axis represent the inverse the ribbon width and the photon energy, respectively, while the color plot
shows the plasmonic absorption in the structure. E;(8 = 5.09°) and plasmon dispersion for DBG are

indicated by the white and green dashed lines, respectively.
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Figure 3.11: Plasmonic absorption with various Fermi energies in 6.01° TBG nanoribbon arrays.
The x- and y-axis represent the inverse the ribbon width and the photon energy, respectively, while the
color plot shows the plasmonic absorption in the structure. Et(6=6.01°) and plasmonic dispersion for

DBG are indicated by the whie and green dashed lines, respectively.
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Figure 3.12: Plasmonic absorption with various Fermi energies in DBG nanoribbon arrays. The
x- and y-axis represent the inverse the ribbon width and the photon energy, respectively, while the
color plot shows the plasmonic absorption in the structure. Plasmonic dispersion for DBG is indicated

by a green dashed line.
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Figures 3.9 — 3.12 show the plasmon-induced absorption in the considered nanoribbon
array for the TBG for the selected angles and the DBG, numerically solving the Maxwell’s
equations by the commercial finite element method (FEM) software COMSOL Multiphysics.

First, we find the similarities in the absorption characteristics for the DBG and the TBG.

When we focus on the 1st order plasmon resonance of the TBG and DBG (Figure 3.9-
3.12), the TBG plasmon has smaller momentum and higher resonant frequency than the DBG
plasmon at a certain Eg. In other words, DBG requires a relatively high Ex with a narrow
ribbon width to achieve the plasmonic resonance at the target energy, while the conditions
can be alleviated by the intentionally manipulated orgg. (Figure 3.10). In this case, the target
energy of 0.8 eV can be approached even with the lower Er of 0.6 eV or the wider ribbon
width of ~16 nm by the designed opgg with the tunability. It implies that the device
fabrication difficulty and/or its operation voltage can be decreased using the TBG rather than

DBG.

In particular, we concentrate on the plasmonic absorption of the 5.09° TBG shown in
Figure 3.10. In this case, E; (6 = 5.09°) is slightly less than the target energy, which can
give an advantage in the modulation at 0.8 eV. We start by observing the absorption band for
only TBG, which is due to the interlayer VHS transitions depending on the twist angle when

Ephoton = E¢(8). In general, this absorption characteristic is irrelevant to Ef, but it starts

to dissapear if the Egp lies over the valley when Er = Eypg as inferred from the orgg
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(Figures 3.4(d), 3.5). Interestingly, we can find the proper Erx which gives the frequency
overlap between the plasmon induced absorption and the absorption band by interlayer VHS
transitions. In this case, the strong interlayer VHS transitions leads to the saddle point exciton
[18-20] which couples to the plasmon when Ephoton = Er (Ep = 0.7 eV in Figure 3.10).
Moreover, the transition at the anti-crossing gap (interlayer hopping) is also possible if the Eg
lies between the saddle points in the first and second conduction bands for the TBG [1,20]. In
this case, the strong transition makes the energy splitting in plasmonic dispersion line,
coupling with the plasmon when Eppoton = Egap (Ep = 0.5,0.7 €V in Figure 3.10). The two
coupling can be observed depending on the relation between Er and Eyys, and leads to the
remarkable energy splitting with anti-crossing effect in plasmon dispersion indicating a
strong coupling [34]. As a result, the condition for NIR modulation using the plasmonic
resonance can be further eased with wider ribbon width and low Ep thanks to the two

couplings causing the modification of the plasmon dispersion: Eg,, and Ei.
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3.3.2 Plasmonic modulation in twisted bilayer graphene based metasurface
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Figure 3.13: Enhanced reflection modulation in 5.09° TBG based metasurface when W =
11nm. (a) Device scheme of the TBG based metasurface. (b) Reflection extinction of the TBG based
metasurface. The x- and y-axis represent the Er and the photon energy, respectively, while the color

plot shows the reflection extinction in the given structure.

Finally, we suggest the feasible structure to achieve the efficient NIR light modulation by
further improving the surface plasmonic response. Figure 3.13(a) illustrates the simulated
structure with the TBG-based metasurface with SiO, substrate and gold back reflector. In this

case, the SiO> substrate thickness was adjusted to tgjo, = 4/4 — 6 = (4¢/4nsi0,) — 6 to

form the Salisbury screen via Fabry-Perot interference [31]; 4o = 1.55 pm, ngjo, is the
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refractive index of the SiO», and & is the skin depth of the gold (~23 nm at 1.55 pm). Also,
the width and height of the additional Au ribbons array on the surface are optimized (W, =
80nm and h,, = 5 nm, respectively) to increase the modulation at W; = 11nm. These Au
ribbons on the surface act as mirrors for the surface plasmon in the GNRs, so that the image
GNRs are formed inside the gold bars with the neighboring interaction with actual GNRs [32-

33].
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Figure 3.14: Plasmonic absorption in 5.09° TBG based metasurface when W=11nm. The x- and
y-axis represent the Er and the photon energy, respectively, while the color plot shows the plasmon

induced absorption in the given structure.

Figure 3.13(b) shows the reflection extinction in the TBG-based metasurfaces with and
without the patterned Au array on the surface, where the periods of the structures are 10Wg
(W = 8W;) and 2Wg (W, = 0), respectively. We observe that the reflection modulation of

the far-field light at the target energy of 0.8eV reaches 0.5 with plasmonic absorption of 0.6
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in the only Salisbury screen structure (Figures 3.13(b), 3.14), while it was at most 0.3 in the

free-standing TBG nanoribbon array (Figure 3.10).

It can be further improved by introducing the TBG based metasurface with Au ribbon
array on the surface (Figure 3.13(a)), leading to the reflection extinction of 0.99 with nearly
perfect absorption. In this case, the Salisbury screen improves the feasibility of the structure
as well as the amplitude of the electro-optic modulation. These results indicate that highly
efficient NIR modulation with fabrication feasibility can be achieved by the twist-angle
engineering in TBG, which can alleviate the fabrication difficulty as well as the operation

voltage compared to the DBG.
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3.3.3 Fabrication feasibility of the twisted bilayer graphene modulator

In the fabrication process of a twisted bilayer graphene, an additional sheet of graphene
is transferred onto as-prepared graphene. In this process, the precision of 0.1° can be obtained
by fine-tuning the twist angle using a rotational stage [35-36]. If we suppose the twist angle
error of 0.1°, E; may change to about 0.01 to 0.02 eV, which seems to be no problem in

device operation.

The width of the graphene nano-ribbons proposed in this study is about 11nm. Actually,
it is difficult to achieve 11lnm width ribbon using the conventional e-beam or photo
lithography methods. But it is achievable with the etching method using block copolymer as
shown in Figure 3.15. Moreover, it has been already verified that the mid-IR modulation can

be achieved in the fabricated graphene nanoribbon using the block copolymer etching method

[37].
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Figure 3.15: Etching method using the block copolymer.
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3.4 Conclusion

We derive the desirable optical conductivity from the TBG by the twist angle selection
for a highly efficient plasmonic modulation at the target wavelength of 1.55 um. We
numerically demonstrate that the nanoribbon array made of the TBG rather than DBG can
ease the operation conditions. In particular, the exciton-plasmon coupling in the 5.09° TBG
leads to the modified plasmon dispersion that high efficiency NIR modulation can be
achieved with wider ribbon width and low Eg. Furthermore, the plasmonic absorption can be
further increased in the TBG-based metasurface, up to a perfect absorption regime with
alleviated operating conditions, leading the reflection modulation of 0.99. While the NIR
modulation is hard to achieve using the conventional graphene plasmons, we propose the
novel concept exploiting the intermediate-angle TBG for the efficient NIR modulation. We
expect our results to draw attention to the practical opto-electronic applications of the
intermediate-angle TBG in the field of twistronics, which has been underestimated and
overshadowed until recently. We also expect that it can be widely expanded from visible to IR

modulation by twist angle engineering in various stacked van der Waals structures.
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Chapter 4. Active modulation of mid-infrared light
by control of hydrogen bonds in ionic liquid

with plasmonic pattern

4.1 Introdution

4.1.1 What is ionic liquid?

Common Cations Common Anions

R‘|\+/R2 @
N\ N

Figure 4.1: Ionic liquid composed of cation and anion [1]. The properties of the ionic liquid

depends on the type of the cation and anion.

lonic liquids (ILs) are salts consisting entirely of cations and anions (Figure 4.1) [1].
Interestingly, the ILs are often referred to as “design solvents” in the sense that their

properties are determined by cations and anions among the millions of possible combinations
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[1-3]. Often, it is composed of organic cations with ring structures containing nitrogen and
inorganic anions of relatively small size, and remains without crystal formation. Furthermore,
it is called room-temperature IL, which has a liquid phase without forming a crystal even at

room temperature.

This IL has attracted huge attention, especially in the research field of electronic [4-6] and
optical devices [7] due to its convenient use in ambient conditions. For example, a gate bias
can be easily applied in the electronic devices using the IL by forming an electric double-
layer structure [8-9], which can be achieved by only drop-casting the IL rather than
depositing a conventional dielectric material. Furthermore, it has been widely used due to not
only its convenience, but also its superior properties, such as low threshold voltage [4,10,11],
high on/off ratio [5-6,11], and high carrier mobility [4,11] as well as high thermal stability
[12], transparency, and flexibility [13-14]. Meanwhile, the slow response time based on the
electrochemical reaction has been considered a chronic problem of ILs for a long time.
However, recently, a super-fast response time of nanosecond scale was suggested based on

the novel method by adding acetonitrile as a solvent to an [Bmim][BF4] IL [15].

Although there have been many theoretical studies to predict the various properties of ILs,
the calculations have not been straightforward due to the complex non-covalent interactions
of the ILs. However, fortunately, some properties such as melting point, vaporization

pressure, thermal decomposition, and water solubility can be calculated by considering
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hydrogen bonds [16-17]. We note that the hydrogen bonds in the ILs play an important role.
In the next part, we consider the interaction between IL and H20 molecules, which is based

on the hydrogen bonds with anions and H>O molecules in the IL.

4.1.2 Absorption spectrum of ionic liquid
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Figure 4.2: Infrared absorption spectrum of ionic liquid [Bmim][BF4] [18]. (a) Absorption
spectrum of [Bmim][BF4] (solid line) and liquid water (dashed dotted line) with frequency range from
2800 cm™! to 3800 cm!. (b) Absorption spectrum of [Bmim][BF4] during the absorption of H>O from

the atmosphere (function of time).

The IR absorption spectrum of the IL is shown in Figure 4.2(a) [18]. There are the
absorption regions due to the CH stretching mode of the imidazolium ring at 3000-3200 cm*
and alkyl chain at 2800-3000 cm™ [19-20], which are generally affected by ionic responses
such as the thickness of IL and external voltage. On the other hand, at the frequency above

3300 cm?, the absorption of the OH stretching mode appears due to the water [18]. Figure
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4.1(b) shows the absorption spectrum of IL for the water absorption by the interaction with
ambient air. As the IL absorbs the water, the IR absorption increases at ~3550 cm™

(symmetric OH stretch mode) and ~3650 cm™ (anti-symmetric OH stretch mode).

In this case, the IR activity of the vibrational mode is proportional to the change in dipole
moment during vibrational motion [21]. For example, CO> molecule with a symmetric
molecular structure is IR inactive in symmetric stretching mode due to the constant zero
dipole moment. In the case of H.O molecules, due to structural asymmetry, both symmetric
and anti-symmetric stretch modes are IR active. However, the anti-symmetric stretch mode
has a higher IR activity than the symmetric stretch mode due to the large change in dipole
moment. In this study, we are going to focus on the modulation of the anti-symmetric mode

at 3650 cm™ rather than the symmetric case at 3550 cm™.

4.1.3 Hydrogen bonds in water

In general, commercial ILs initially contain small amounts of water and also absorb H>O
molecules from the atmosphere by actively interacting with the ambient air. For water in the
vapor phase without the hydrogen bonds between H>O molecules, the OH stretching mode is
divided into two distinct modes [22]: the symmetric stretch mode v, (3652 cm™) and the

anti-symmetric stretch mode v; (3756 cm™). The water in the vapor phase has another

- 74 -



vibrational mode (bending mode v,: 1595 cm™), but it is not in the frequency range of our

interest that we will skip to explain it.

Strong Hydrogen bond network Weak
; ¢ f
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Ice like water Liquid like water Free H,Oin IL Vapor
~ 3200 cm™! around 3400 cm™?! ~3550,~3650 cm™! 3652,3756 cm™ !
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Low Frequency of vibrational mode High

Figure 4.3: Frequency of OH stretching mode according to the hydrogen bonds of H,O
molecules. As the hydrogen bonds increases, frequency of the vibration mode can be red-shifted due
to an increase in reduced mass. Also, asymmetric stretch mode has a higher frequency than the

symmetric stretch mode.

As the hydrogen bond network becomes stronger, the frequency of vibrational mode is
red-shifted (Figure 4.3). When the water molecules are connected by hydrogen bond, the
frequency of the vibrational mode decreases [23-24] due to the increase in reduced mass. If
there is a relatively weak network of hydrogen bonds between water molecules, it is called
“liquid-like water” and the frequency of the OH stretching mode turns into ~3400 cm™.

Moreover, if there is a strong network of hydrogen bonds, it is called “ice-like water” and the
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frequency of the OH stretching mode changes into ~3200 cm™. In this case, the exact

vibrational frequency depends on the degree of hydrogen bond network.

In the ILs, the water molecules tend to interact with anion rather than cation via a
hydrogen bond, and they form an anion-H>O cluster [18,25]. Similarly, in this case, the
reduced mass of the OH stretching mode increases, and the OH stretching mode has a red
shift in the spectrum by ~ 100 cm™ compared to the vapor phase. In this case, the exact
vibrational frequency will be slightly different depending on the types of bonded ions [18].

This is called “free H20 in the IL” with the negligible interaction between water molecules.

In this study, we propose an active mid-IR amplitude modulator using an [Emim][TFSI]
IL by control of hydrogen bond. In the IL, the anion-H2O clusters can be bound with or
separated from the structured H>O layer on the hydrophilic surface according to the bias,
where the vibrational frequency depends on whether the clusters is bound or not. As a result,
mid-IR modulation is achieve at the frequency range of 3300-3700 cm™, and it can be even

enhanced by surface plasmonic pattern made of gold.
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4.2  Mid-IR modulation using ionic liquid on hydrophilic surface

4.2.1 [Emim][TFSI] ionic liquid for mid-IR modulation
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o
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Figure 4.4: Molecular structure and size of [Emim] cation and [TFSI] anion [26].

In general, the hydrophilicity tends to decrease as the alkyl chain length of a cation or the
size of an anion increases [27-28]. In this study, we selected [1-Ethyl-3-methylimidazolium
(Emim)] cations and [bis(trifluoromethylsulfonyl)imide (TFSI)] anions, both of which have
relatively low hydrophilicity. The reason for using the two ions is that the water solubility of
the IL is directly affected by the hydrophilicity of ions, especially the anions. When
hydrophilic anions are used, an incident light is almost absorbed near the target frequency of
3300-3700 cm™ by H,O due to the high water solubility of the IL. At the same time, we also
chose a [Emim] cation with low hydrophilicity to minimize the interaction between the

cations and the HoO molecules, where the H,O molecules tend to be hydrogen bonded with
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anions rather than cations in general. The molecular structure and size of the two ions are

illustrated in Figure 4.4 [26].

4.2.2 Effect of O, plasma treatment on Si/SiO; substrate

Figure 4.5 illustrates the effect of O, plasma treatment on Si/SiO substrate, where the
SiOz thickness is 300nm. In this case, the hydroxyl group (Si-OH) is formed on the surface as
well as the surface roughness increases [29-30], so the surface becomes hydrophilic. The H,O
molecules in the IL tend to interact with the OH group on the surface by the hydrogen bonds,
and broad IR absorption appears around ~3400 cm™ corresponding to the vibrational
frequency near “liquid-like water”. In particular, there has been a report that the IR spectrum
can be changed around ~3400 cm™ only by O plasma treatment under the harsh condition on

SiO2 aerogel film with large surface area [31].
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Figure 4.5: Surface-bound H,O layer and Si/SiO, substrate with hydrophilic surface by O,
plasma treatment.
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The optical properties of IL can be changed due to the existence of the surface-bound
H2O layer. Figure 4.6 shows the transmission spectrum of the sample prepared by drop-
casting [Emim][TFSI] IL of 50 pl on a Si/SiO; substrate with an area of 4 cm?, where the
substrate is treated by O> plasma at a constant power of 50W with the various treatment time.
Notably, it is known that the surface hydrophilicity is improved as the O plasma conditions
such as treatment time, power, and O flow rate increase [29-30]. Fourier transform infrared
(FTIR) spectroscopy is used for measurement in dry air conditions (see Chapter 5 for detail).
In this case, it is necessary to control the ambient humidity for an accurate experiment, since
the IL interacts actively with the surrounding environment, especially with the H>O

molecules in the air.
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Figure 4.6: IR transmission spectrum for [Emim][TFSI] ionic liquid on the Si/SiO, substrate

according to O; plasma treatment time. Os means the sample without O, plasma treatment.
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As the O plasma treatment time increases, the broad transmission band (greenish area) at
around 3400-3500 cm™ decreases, while the sharp transmission dip at 3640 cm™ (reddish area)
gradually rises. In other words, as the surface hydrophilicity increases, the absorption by the
“liquid-like water” in the surface-bound H>O layer increases, while the absorption by the
“free H2O in IL” decreases relatively. It can be interpreted that, when the surface is
hydrophilic, water tends to exist in the interfacial H2O layer rather than the free H>O in the IL.
We note that it has been reported that the effect of O, plasma treatment starts to be degraded
within a few hours. However, in this experiment, we could not observe the degradation even

after one day, which would be due to the passivation effect of the IL [32-33].

4.2.3 Active mid-IR modulation on hydrophilic surface

Here, surface hydrophilicity plays an important role in electro-optic modulation that the
mid-IR light was able be modulated only for the O, plasma treated sample (Figure 4.8). To
explain this phenomenon, we formulated an experimental hypothesis that the interfacial H>.O
layer can be effectively increased when the anion-H>O clusters are hydrogen-bonded with the

interfacial H20 layer (Figure 4.7).
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Figure 4.7: Experimental hypothesis describing the amount of surface-bound H,O and free H,O

in ionic liquid.
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Figure 4.8: Transmission extinction for [Emim][TFSI] ionic liquid on the Si/SiO, substrate

according to the external bias (a) with and (b) without O, plasma treatment time of 20s.

First, cations and anions are freely distributed in the IL with zero bias as shown in Figure
4.7(a). In this case, there will be little interaction between the water molecules in the free
H20 state due to the repulsive force between the anions, and some of the anion-H,O clusters
can be hydrogen-bonded with the interfacial H2O layer. If a positive bias is applied, the
clusters are attracted to the positive charge at the surface by Coulomb force (Figure 4.7(b)).

In this case, the clusters tend to be linked to the interface H2O layer by hydrogen bonds, and
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the amount of surface-bound H>O effectively increases. Accordingly, the water in the free
H-O state relatively decreases in the closed system. If the strong positive bias is applied, the
proportion of the clusters bonded with the interfacial H>O increases with the reduced free

H>0 (Figure 4.7(c)).

Now, we can apply the hypothesis to the experimental results. Figure 4.8 shows the
transmission extinction spectrum of 1-(T/To) in dry air conditions, where T and To are the
transmissions with and without the bias, respectively. Wire bonding is used for the electrical

interconnection with Keithley 2400 source meter and the electrodes in the sample.

Notably, mid-IR modulation can be achieved on the hydrophilic surface with O> plasma
treatment (Figure 4.8(a)). If the anion-H>O clusters are attracted to the positive charge at the
surface, the amount of the surface-bound H>O would effectively increase while the free H.O
would effectively decrease. It is consistent with our observation that the broad extinction
increases around ~3400 cmt, while the sharp extinction decreases at 3640 cm™. Furthermore,
we observed that the stronger the positive bias, the larger the modulation amplitude. For
example, the broad extinction around 3400 cm™ is 0.1 at +4.5V but reaches 0.2 at +6V. These
results are all consistent with our hypothesis. We can also consider that the cations are
attracted to the surface according to the negative bias. In this case, only a little change in
extinction can be observed at 3640 cm™ since the interaction between the cations and the H,0

is insignificant.
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On the other hand, in the case of the sample without O> plasma treatment (Figure 4.8(b)),
we could not observe the change in the extinction spectrum. It can be interpreted that,
although the cations or anion-H.O clusters can be attracted to the surface due to the external
bias, the interaction between ions and the SiO2 surface would be negligible in the absence of

a surface-bound H-O layer.

4.2.4 Enhanced mid-IR modulation on the Au plasmonic pattern

Figure 4.9(a) shows the optical microscope image of the electrode. The length and width
of the electrode are 1.5mm and 2mm, respectively, and the distance between the two
electrodes is 3mm. The thickness of the Au electrode is 60 nm, where titanium is used for the

adhesion layer of 8nm.

e i e

Figure 4.9: Optical microscope image of (a) electrode and (b) Au plamonic pattern.
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In metallic nanostructures that generate surface plasmon resonance, the e-field
enhancement has been reported with the spatial confinement of the surface plasmon [34-35].
Here, to further amplify the response from the vibrational modes, a gold pattern was
introduced to utilize the e-field enhancement effect of surface plasmon (Figure 4.9(b)). In this
case, we use electron-beam lithography for fabricating the gold plasmonic pattern. Both the
width and gap of the pattern were adjusted to 950 nm and the thickness to 20 nm, where

titanium was used as the adhesion layer of 8nm.
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Figure 4.10: Effects of O, Plasma treatment time and Au plasmonic pattern on mid-IR
modulation. Transmission extinction according to the O, plasma treatment time and Au plasmonic

pattern (a) as a function of frequency and (b) at 3450 cm™ and 3648 cm™.

Figure 4.10 shows the mid-IR modulation with and without the Au plasmonic pattern
with O2 plasma treatment power of 50W and the positive bias of +4.5V. First, we can observe
the effect of surface hydrophilicity on the modulation amplitude. The modulation amplitude
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gradually enhanced with the increase in the Oz plasma treatment time. Actually, it is
consistent with the fact that the interaction between H>O and the surface becomes stronger
with smaller contact angle, as the surface becomes more hydrophilic [29-30]. In this case, the
amount of the surface-bound H>O would increase with strong interaction, leading the

enhanced interaction between the anion-H2O clusters and the surface-bound H-O.

Finally, the response from the OH stretching mode can be amplified near the Au
plasmonic pattern. In the absence of the Au plasmonic pattern, the transmission extinction at
3648 cm! reaches about -0.67 with the O, plasma treatment time of 40s (represented by the
green line in Figure 4.10(a) and the blue line in Figure 4.10(b)). On the other hand, when the
Au plasmonic pattern is introduced, the modulation amplitude increases by about 2 times that
the extinction reaches about -1.23 at 3648 cm™ due to the e-field enhancement effect of
surface plasmon (represented by the blue line in Figure 4.10(a) and (b)). The presented results
reveal that active amplitude modulation of mid-IR light can be easily achieved without the
complicated fabrication processes, and point out that the IL can modulate the mid-IR light
even above 3300 cm™ by itself on the hydrophilic surface. We expect that this result can be
applied to the on/off band pass filters, focusing its amplitude modulation. Also, it can be

utilized for precise humidity sensors based on its high moisture sensitivity.
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4.3 Conclusion

In this study, the mid-IR active modulation is achieved by control of the hydrogen bond
network between an anion-HxO cluster corresponding to “Free H2O in IL” and “liquid-like
water” on the hydrophilic surface. The surface-bound H2O layer has a vibrational frequency
around 3400 cm™ with broad absorption, while the anion-H2O cluster has a vibrational
frequency at ~3650 cm™. When an anion-H,O cluster is hydrogen-bonded with surface H,O
layers according to the positive bias, effectively surface-bound H2O increases and free H.O
decreases. As a result, mid-IR absorption changes in opposite directions at around 3400 cm™
(broadband), and ~3640 cm™ (sharp peak), and the response from the OH stretching mode
can be further improved by the e-field enhancement effect of the surface plasmon on the

suggested plasmonic gold pattern.
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Chapter 5. Experimental setup

5.1 Fourier Transform Infrared (FTIR) spectroscopy

5.1.1 iS10 FTIR spectrometer & iN5 FTIR microscope

1-T/T, (%)

1000 1500 2000 2500 3000 3500 4000
Wave Number (cm™)

Figure 5.1: FTIR setup and result of test measurement. (a) Picture of Nicolet iN5 FTIR
microscope and iS10 FTIR spectrometer from Thermo Scientific. (b) Transmission extinction for
graphene nanoribbon with a width of 60nm.

Fourier transform infrared (FTIR) is a type of infrared spectroscopy, and we can measure
the transmittance, reflectivity, and also absorbance of a sample as a function of frequency
with a help of FTIR (Figure 5.1(a)). Since most of the molecules have unique vibrational and
rotational modes in the mid-IR region, the concentration of each compositions for unknown

samples can be calculated through the infrared spectroscopy. From solid to liquid and gas,
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samples in various phases can be measured in various sizes from um to mm scale that FTIR
spectroscopy is very versatile. Our system consists of Nicolet iS10 FTIR spectrometer and
Nicolet iN5 FTIR microscope from Thermo Scientific for measurement of the um-scale

sample.

In particular, in the case of two-dimensional materials, the sample size is small and the
signal-to-noise ratio is high, so precise measurement is required. Figure 5.1(b) shows the
mid-IR transmission extinction by applying an external bias to a graphene nanoribbon
structure with a width of 60 nm. We can observe the frequency shift of the graphene plasmon
peak according to the Fermi energy, where the change in extinction at the graphene plasmon
peak is about 1.7%. In this case, accurate measurement is possible by increasing the number

and time of measurement.
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5.1.2 Purge system for FTIR measurement

Figure 5.2: Purge system for FTIR setup. (a) Picture of acrylic purge box on the sample stage of

FTIR. (b) Purge gas generator 75-62 from Parker Balston

Sensitive sample including IL actively interacts with the surrounding environment,
especially with H,O molecules in the ambient air. Thus, it is required to control the
surrounding conditions for accurate measurements. We produce an acrylic purge box with
volume of ~500 ml for measurement in dry air condition (Figure 5.2 (a)). This acrylic purge
box is connected to a purge gas generator (75-62 model from Parker Balston) shown in
Figure 5.2(b), where the purge rate is adjusted to 7.5 liters/min. In addition, both iS10 FTIR
spectrometer and iN5 FTIR microscope are purging at 15 liters/min to protect the FTIR

system from the humidity.

-9 -



5.2 Quantum cascade laser setup (MIRcat-QT from Daylight Solutions)

5.2.1 Phase-Shifting Interferometry setup for far-field analysis

Measurement of amplitude and phase of far-field (angle dependent) Measurement of amplitude
and phase of near-field
A shift by tl / I
piezo drive Z 50/50 BS
Vacuum sample stage Photodetector:
+ Micro-bolometer
" + MCT detector — )
50/50 BS T === -:\ Near-field imaging system
Translational/rotational stage
act ||

(6-11um)

Flip mirror

Figure 5.3: Interferometer setup with varied incidence angle and constant OPD and NSOM

setup for near-field measurements.

Interferometer setup is used for measurements of the far-field amplitude and phase profile

of the modulated IR radiation, produced by the active metasurface. The phase-shifting

interferometry (PSI) technique is used to map the phase across the whole wavefront,

generated by the metasurface.

The PSI is generally limited to a normal incidence of the beam on the sample, however

we design a new setup based on the Mach—Zehnder scheme with variable angle of incidence.

This is necessary for measuring the metasurface performance under wide range of incidence

angles for various applications. In order to preserve the optical path difference (OPD)

between the interferometer arms, sample is mounted on the translational/rotational stage,
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accompanied by the tracking mirror, mounted on the similar stage. Position of the sample and
tracking mirror is calculated for each angle so that optical path in the sample arm stays

constant. The scheme of the setup is shown in Figure 5.3.

The key advantage of the PSI method is its insensitivity to noise, low contrast, sensor
defects, and defects of optical elements, since the phase data is obtained from the subtraction
and division of 2D interferograms so that only deliberately induced phase perturbations are

preserved.

The basic equation of PSI method: tan[o(x,y)] = (I4(x,y)-12(x,y))/(Li(x,y)-I3(X,y)), where
¢(x,y) is the map of the wavefront phase, and In(x,y) is the sensor illumination pattern (the
interference pattern) [1]. Each measurement is made with the phase of reference beam shifted

by Ag = n/2 (produced by the piezo motor-driven shift of reference mirror).
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5.2.2 Near-field analysis with scattering NSOM

Scattered light

Interferometer intensity
— Demodulator

Scattered
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parameters

complex optical
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Figure. 5.4: Schematics of the s-NSOM imaging system (image provided by Ansys Instruments)

[2].

The scattering-type NSOM (s-NSOM) is based on the principally same interferometric

approach as PSI: the amplitude and phase of scattered light is measured by the interferometer

and provide information about the sample and/or the near fields at the sample (Figure 5.4).

The key feature of the s-NSOM is the integration with the atomic force microscope (AFM),

equipped with the oscillating nano-tip. This nano-tip serves dual role: it 1) scatters the

incoming light which excited the broadband electrodynamic response in the sample, and 2)

scatters the near-fields at the sample so that they can be detected by the optical system.

The combination of AFM and optical measurements at a single platform provides access

to the electrodynamic response of the sample at the nano-scale, so that the performance of the

devices can be evaluated not only in far-field, but also in the near-field where the single
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active element of the metasurface can be measured. Thus we are able to measure optical

properties of graphene acoustic plasmons, electrodynamic response of twisted bilayer

graphene, and various multiscale resonant structures.
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Figure. 5.5: Test measurement data of NSOM. (a) Near field image, (b) NSOM amplitude, and (c)
AFM profile for the h-BN on Si/SiO; test sample.

Figure 5.5 shows the near-field image of the test sample, hexagonal boron nitride (h-BN),
where the quantum cascade laser frequency of 1430 cm™!, and the SNOM measurement area
is 5 um by 5 um. The fringe pattern is made by tip launched phonon polariton which reflects
at the edge of h-BN and come back to the tip (Figure 5.5(a)). In this case, the period of the
fringe pattern corresponds to half the wavelength of the phonon polariton A, which is
calculated to ~1.71 um (Figure 5.5(b)). The local thickness of h-BN is measured to ~ 46 nm

by AFM mode (Figure 5.5(¢)).
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Chapter 6. Concluding Remark

Exceptional points in
IMI plasmonic waveguide

(Slow light: optical buffer)

NIR amplitude modulation
using moiré superlattice engineering

(Amplitude modulation)

Mid-IR amplitude modulation
by electrical control of hydrogen
bonds with ionic liquid

(Amplitude modulation)

Figure. 6.1: Summary of Ph.D. dissertation.
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Today, infrared technology is attracting tremendous attention in various industries and

research fields with the advent of Industry 4.0. In particular, infrared communication, stealth,

LiDAR, and holograms are closely related to the development of military technologies as

well as industrial 4.0 technologies. For the development of the next-generation infrared

applications, fundamental technologies such as phase control, wavefront shaping, and

temporal modulation are required. In this case, infrared modulation of the individual device

with sufficiently small spatial resolution is required to be developed. However, unlike
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electronic devices, optical devices have difficulty in miniaturization due to diffraction limit of

light, and there are clear restrictions in terms of resolution and practicality. Research and

development of plasmonic devices with wavelength or sub-wavelength scales are required to

control and modulate infrared light with high-resolution, overcoming diffraction limit.

In this study, we first design plasmonic waveguides that form non-Hermitian exceptional

points without material gain or loss. Furthermore, we show the formation of higher-order

exceptional points by the merging of two individual exceptional points in the parameteric

space of a plasmonic waveguide. The presented results show the eased conditions for

complex permittivity that have been an obstacle to application in non-Hermitian optics,

suggesting the possibility of using wavelength or sub-wavelength scale optical buffers.

Next, we propose an active amplitude modulator in the near-infrared range using twisted

bilayer graphene. The optical conductivity of the twisted bilayer graphene depends on the

twist angle, and it is designed to be suitable for near-infrared modulation. In this case, highly

efficient active near-infrared modulation is identified at certain twist angles, while

modulation conditions can be eased by exciton-plasmon couplings. Furthermore, we design a

twisted bilayer graphene-based meta-surface using a Salisbury screen in order to achieve

significant near-infrared modulation with perfect absorption. The presented results show the

possibility of active near-infrared modulation at the sub-wavelength scale by twist angle

engineering in various van der Waals structures.
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Finally, we propose an active amplitude in the mid-infrared range using ionic liquids on

hydrophilic surface. In ionic liquids, H.O molecules are tend to hydrogen bonded with anions.

The formed anion-H;O clusters can be bonded with the surface-bound H.O layer on the

hydrophilic surface by applying an external bias, while the frequency of the OH stretching

mode are determined by whether it is bonded or not. As a result, electro-optical modulation in

the med-infrared range can be achieved by the control of the hydrogen bonds, and the

modulation was further amplified on the suggested gold plasmonic pattern. The presented

results show that active amplitude modulation in the mid-infrared range can be ahieved

without complicated fabrication processes, and point out that ionic liquids can self-modulate

mid-infrared light even above 3300 cm-1 on hydrophilic surfaces.
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