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What is infrared?

www.flir.ca
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Infrared in real life

www.worldbank.org
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m.science.ytn.co.kr

Infrared in real life

www.nytimes.com
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Infrared in real life

Missilesensingand tracking

Military night visiongoggles(US army)

www.youtube.com/watch?v=6Ji04ZGBWHk

www.dote.osd.mil



Introduction Infrared applications
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Infrared technology

LiDAR
(Phase control)

Active hologram
(Wavefrontshaping)

Information optics
(Temporal modulation)



Introduction Plasmonics
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ὲ ʇȾʇ ὯȾὯ

Surface plasmon

Free space wave Plasmon mode
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Ph.D. thesis scheme
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Exceptional points in 

IMI plasmonicwaveguide

(Slow light: optical buffer)

NIR amplitude modulation

using moiré superlatticeengineering

(Amplitude modulation)

Mid-IR amplitude modulation

by electrical control of hydrogen 

bonds with ionic liquid

(Amplitude modulation)

Thesis scheme
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Exceptional points in IMI plasmonicwaveguide

(Slow light: optical buffer)

12

Min, Sung Yoon, et al.,Phys. Rev. Applied14(5), 054041 (2020)



EPs in IMI plasmonicwaveguide
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Conventional optical buffer

Literally add physical 
path length (size issue)

Recently, try to reduce the 
size by using slow-light

Slow light: Optical buffer

Emily F. Burmeisteret al., Opt. Switch. Networking5(1), 10 (2008).
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Slow light devices

Plasmonicstructure

Exceptional point

EPs in IMI plasmonicwaveguide Slow light: Optical buffer

M. H. Keleshteryet al.,Optics and Photonics Journal, 6(8), 177 (2016)

ShipingZhan et al.,Journal of Physics D: Applied Physics47(20), 205101 (2014)

T. Goldzaket al., Phys. Rev. Lett.120(1) 013901 (2018)
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EPs in IMI plasmonicwaveguide Slow light: Optical buffer
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EPs in IMI plasmonicwaveguide Slow light: Optical buffer

(Schrödinger equation)

Helmholtz equation in optical system

Helmholtz equation in quantum system

‐ὼȟᾀ Ὁὼȟᾀ π
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PT-symmetric
(2 eigenmodes)

PT-broken
(2 eigenmodes)

Exceptional point
(a degenerated eigenmode)

╡▄▪ἭἮἮ
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EPs in IMI plasmonicwaveguide Slow light: Optical buffer

▪
Ἥ
Ἦ
Ἦ

╘□▪ἭἮἮ

Previous studies on EP

A. Guoet al.,Phys. Rev. Lett.103(9), 093902 (2009) Zin Lin et al.,Phys. Rev. Lett.106(21), 213901 (2011)

Liang Feng et al.,Science346(6212), 972 (2014) Tamar Goldzaket al.,Phys. Rev. Lett.120(1), 013901 (2018)
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EPs in IMI plasmonicwaveguide Slow light: Optical buffer

Ⱡⱷȟ● Ⱡᶻⱷȟ●
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ÅField profiles (Hz) in the IMI waveguide structure where ” ρ” ‐Ⱦ‐

ÅCharacteristics of the forward mode and backward mode (neff and vE)

EP in the lossless IMI waveguide

EPs in IMI plasmonicwaveguide Slow light: Optical buffer

ὺ ὛὨώ όὨώ

Min, Sung Yoon, et al.,Phys. Rev. Applied14(5), 054041 (2020)
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EPs in IMI plasmonicwaveguide Slow light: Optical buffer

Non-Hermitian two-level system

Ὄ
ὥ ὦ
ὧ Ὠ

ȟὉὖȡὥ Ὠ τὦὧπ

╟╣ ▼◐□□▄◄►░╬▼◐▼◄▄□ȡ╪ ▀z╪▪▀╫ ╬z

Å In a system of coupled waveguides, a and d correspond to the 

propagation constants of the eigenmodesof the subsystems, 

while b and c correspond to their coupling coefficients.
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EPs in IMI plasmonicwaveguide Slow light: Optical buffer

Non-Hermitian two-level system

‖
᷿‐‫ ᷿ ὲ ὲ ὉᶻɇὉὨὼὨώ

᷿ ᷿ όɇὉz Ὄ Ὁ Ὄz ὨὼὨώ

Å Propagation constant of subsystem 1

Å Propagation constant of subsystem 2

ᴼ ‍

ᴼ ‍ ‍ᶻ

Å Coupling coefficients ‖

ᴼ ‖ ‖ᶻ
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EPs in IMI plasmonicwaveguide Slow light: Optical buffer

Non-Hermitian two-level system

Generalize O ╪ ▀ is purely imaginary ╡▄╪ ╡▄▀

Ὄ
ὥ ὦ
ὧ Ὠ

ȟὉὖȡὥ Ὠ τὦὧπ

In plasmonicIMI waveguide, both ╪and ▀can be purely imaginary, 
so that ╪ ▀is always purely imaginary.

╟╣ ▼◐□□▄◄►░╬▼◐▼◄▄□ȡ╪ ▀ᶻ

╫ ╬zᴼ ╫╬
╪ ▀▼▐▫◊■▀╫▄▬◊►▄■◐░□╪▌░▪╪►◐
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EPs in IMI plasmonicwaveguide Slow light: Optical buffer

Non-Hermitian two-level system

▪ἭἮἮἓἙ
ⱠἙ Ⱡἓ
ⱠἙ Ⱡἓ

ȟ ♫ἭἮἮἓἙ ▓▪ἭἮἮἓἙ

▪ἭἮἮἓἙ Ḋ╡▄╪■ⱠἙ Ⱡἓ ▪ἭἮἮἓἙ Ḋ╘□╪▌░▪╪►◐ⱠἙ Ⱡἓ
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ÅEP dynamics and the generation of 3rd order EP in ” ρ ” ‐Ⱦ‐

ÅIntersection angle  • “Ⱦὲ

3rd order EP in IMI waveguide

EPs in IMI plasmonicwaveguide Slow light: Optical buffer
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ÅEPs with broken symmetry (asymmetric IMI structure)

ÅGeneration of the pseudo EPs with specific ratio of gain and loss

ÅὌ
ὥ ὦ
ὧ Ὠ

ȟ ὥ Ὠ τὦὧπ

EP in asymmetric IMI waveguide

EPs in IMI plasmonicwaveguide Slow light: Optical buffer

Min, Sung Yoon, et al.,Phys. Rev. Applied14(5), 054041 (2020)



Plasmonicmodulation using

superlattice of twisted bilayer graphene

(Amplitude modulation)
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Thickness is 1,000 ~ 10,000 times smaller than a wavelength (visible ~ IR)

ü Weak light-matter interactions

T. Low et al., ACS Nano8(2), 1086 (2014)

Plasmonicmodulation using superlattice of TBG Amplitude modulation

Graphene

0.34nm

Graphene
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Graphene

Plasmonicmodulation using superlattice of TBG Amplitude modulation



Plasmonicmodulation using superlattice of TBG

Limitations in graphene plasmonics

Å High resolution patterning with 

atomically sharp edges

Å High carrier concentration 

without increasing loss 

(Electrostatic gating is limited 

by dielectric breakdown)

Small W, High EFɣTelecom frequency (0.8eV)

Amplitude modulation

30



Periodicity of moiré superlattice

31

Plasmonicmodulation using superlattice of TBG Amplitude modulation

ὰ ϳὥ ςÓÉÎϳ—ς

ὥ πȢςτφὲά
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Energy momentum space

Plasmonicmodulation using superlattice of TBG Amplitude modulation

JianboYin et al., Nat. Commun. 7(1) 1, (2016)

k ƪΩ
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╔╥╗╢ ╔╕

Optical conductivity and Band structure

Plasmonicmodulation using superlattice of TBG Amplitude modulation

Calvin J. Tabertet al., Phys. Rev. B87(12), 121402 (2013)

╔╕

Ɑ ▄Ⱦ ᴐ
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╔╥╗╢ ╔╕

Optical conductivity and Band structure

Plasmonicmodulation using superlattice of TBG Amplitude modulation

╔╕ ἵἭἤ

Ɑ ▄Ⱦ ᴐ

Calvin J. Tabertet al., Phys. Rev. B87(12), 121402 (2013)



35

╔╕ ╔╥╗╢

Optical conductivity and Band structure

Plasmonicmodulation using superlattice of TBG Amplitude modulation

╔╕ ἵἭἤ

Ɑ ▄Ⱦ ᴐ

Calvin J. Tabertet al., Phys. Rev. B87(12), 121402 (2013)
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Opticalconductivities of TBG

Plasmonicmodulation using superlattice of TBG Amplitude modulation

╔◄ ╔ἤἒἡ ╔ἯἩἸ

Collaboration with Prof. EuyheonIǿŀƴƎΩǎ ƭŀō ό{YY¦ύ
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Opticalconductivities of TBG

Plasmonicmodulation using superlattice of TBG Amplitude modulation

╔◄ ╔ἤἒἡ ╔ἯἩἸ

— σȢψωЈ — υȢπωЈ — φȢπρЈ

Ⱡ╖ ░ⱭȾⱲⱷⱠ
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Simulation structure

Å TBG nano-ribbon width: WG

Å Period: 2WG

Plasmonicmodulation using superlattice of TBG Amplitude modulation

ⱷ►▄▼θ Ⱦ╦
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Plasmonicmodulation using superlattice of TBG Amplitude modulation

Plasmonic Absorption:  DBG

Å Universal absorption:  Ὁ ςὉ

2EF

2EF
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Plasmonicmodulation using superlattice of TBG Amplitude modulation

Å Coupling between plasmon ςexciton (interlayer VHS transition)

Å Coupling between plasmon ςexciton (anti-crossing gap transition)

Plasmonic Absorption:  — υȢπωÁ

2EF

2EF

— υȢπωÁ
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Plasmonicmodulation using superlattice of TBG Amplitude modulation

Å Coupling between plasmon ςexciton (interlayer VHS transition)

Å Coupling between plasmon ςexciton (anti-crossing gap transition)

Plasmonic Absorption:  — υȢπωÁ
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Plasmonicmodulation using superlattice of TBG Amplitude modulation

Plasmonic Absorption:  — σȢψωÁȟφȢπρÁ
—
σ
Ȣ
ψ
ω

Á
—
φ
Ȣ
π
ρ
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Plasmonicmodulation using superlattice of TBG Amplitude modulation

Simulation structure

Å WG = 11.1nm, Wm = 8WG = 88.8nm

Å ὸ ‗Ⱦτ ‏ ‗Ⱦτὲ ‏ ςτυὲά

Å ὲ ρȢτττÁÔρȢυυ‘ά, ‏ ςσὲά

Salisbury screen

Enhanced E-field

SiO2

Au reflector
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Plasmonicmodulation using superlattice of TBG Amplitude modulation

Simulation structure

Å WG = 11.1nm, Wm = 8WG = 88.8nm

Å ὸ ‗Ⱦτ ‏ ‗Ⱦτὲ ‏ ςτυὲά

Å ὲ ρȢτττÁÔρȢυυ‘ά, ‏ ςσὲά



45

Plasmonicmodulation using superlattice of TBG Amplitude modulation

PlasmonicNIR modulation

Å Enhanced NIR modulation with perfect absorption can be achieved 

by the twist-angle engineering in TBG.

Only Salisbury screen TBG based meta-surface



Mid-IR modulation using Ionic Liquid

(Amplitude modulation)
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ManishkumarD. Joshi et al., RSC Advances2(13), 5470 (2012)

Å At least one ion has a delocalized charge and one component is organic, 

which prevents the formation of a stable crystal lattice.

Å The properties (density, viscosity, electrical conductivity, hydrophilicity, etc.) 

of ionic liquids depend on the types of these cations and anions.

47

Various anions and cations

Mid-IR modulation using IL Amplitude modulation
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Mid-IR modulation using IL Amplitude modulation

Yun-Sheng Ye et al., J. Mater. Chem. A 1(8), 2719 (2013)

Hydrophilicity of ions

Emim+ TFSI-
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Ning Liu et al., Sensors19(15), 3425 (2019)

Gating mechanism

Mid-IR modulation using IL Amplitude modulation

en.wikipedia.org/wiki
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Mid-IR modulation using IL Amplitude modulation

OH vibrational mode in water molecule

Symmetric stretch mode ʉ

Anti-symmetric stretch mode ʉ

σφυςÃÍ

σχυφÃÍ

Vapor

Symmetric stretch mode ʉ

Anti-symmetric stretch mode ʉ

ͯσυυπÃÍ

ͯσφυπÃÍ

ͯ Ἣἵ

Free H2O in IL

Cammarata, L., et al. Phys. Chem. Chem. Phys. 3.23 (2001): 5192-5200.www.youtube.com/watch?v=1uE2lvVkKW0
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Mid-IR modulation using IL Amplitude modulation

Liquid like water Ice like water

OH vibrational mode in water molecule

www.youtube.com/watch?v=DjRdZIRzt0EZhang, Yue-Jiao, et al. The Journal of Physical Chemistry C 124.24 (2020): 13240-13248.

ͯστππÃÍ ͯσςππÃÍ
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Mid-IR modulation using IL Amplitude modulation

OH vibrational mode in water molecule

Hydrogen bond network 

Frequency of vibrational mode

Vapor

σφυςȟσχυφÃÍ

Free H2O in IL

σͯυυπȟͯσφυπÃÍ

Liquid like water

ÁÒÏÕÎÄστππÃÍ

Broad Sharp SharpSharp

Ice like water

ͯσςππÃÍ

crystalsymmetry.wordpress.com

Strong

HighLow

Weak
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Hydrophilic surface by O2 plasma treatment

Mid-IR modulation using IL Amplitude modulation

Substrate (Si)

Surface (SiO2)

O
H

O
H

O
H

O
H

O
H

O
H

O
H

O
H

O
H

O
H

O
H

O
H

O
H

O
H

Liquid like water

~3400 cm-1 (broad)
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O2 plasma treatment on Si/SiO2 substrate

Mid-IR modulation using IL Amplitude modulation

T
ra

n
s
m

is
s
io

n
 (

a
.u

.)

Free H2O in IL 

(h-bond with anion)

ͯσυφπȟσφτπÃÍ

surface bound H2O 

(h-bond network)

ͯστυπÃÍ "ÒÏÁÄ

O2 plasma treatment: 50W
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Mid-IR modulation can be achieved 

only when the samples are exposed to O2 plasma.

IR modulation with voltage sweep

Without O2 plasma

Mid-IR modulation using IL Amplitude modulation

With O2 plasma (50W, 20s)
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Mid-IR modulation using IL Amplitude modulation

Zero bias: 0V

Cation+ Cation+

Cation+

Cation+

Cation+
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Mid-IR modulation using IL Amplitude modulation

Positive bias: weak

Cation+

Cation+

Cation+

Cation+

Cation+
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Mid-IR modulation using IL Amplitude modulation

Positive bias: strong

Cation+

Cation+ Cation+

Cation+

Cation+
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Mid-IR modulation can be achieved 

only when the samples are exposed to O2 plasma.

IR modulation with voltage sweep

Without O2 plasma

Mid-IR modulation using IL Amplitude modulation

With O2 plasma (50W, 20s)

Anion- Anion-Anion-

Cation+ Cation+ Cation+
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Mid-IR modulation using IL Amplitude modulation

Plasmon enhanced IR modulation

Positive bias (+)

Ground
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Mid-IR modulation using IL Amplitude modulation

0s 20s 40s 40s with

Au pattern

O2 plasma treatment time

Plasmon enhanced IR modulation

Å IR modulation by the hydrogen bonds between anion of EDL and H2O layer

can be further improved by e-field enhancement of surface plasmonin Au pattern
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Exceptional points in 

IMI plasmonicwaveguide

(Slow light: optical buffer)

NIR amplitude modulation

using moiré superlatticeengineering

(Amplitude modulation)

Mid-IR amplitude modulation

by electrical control of hydrogen 

bonds with ionic liquid

(Amplitude modulation)
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Mid-IR modulation using IL Amplitude modulation

Problem in proposal (ionic liquid modulation)

1.  Underestimate the interaction between surface bound H2O interaction

2.  Only anion rather than anion-H2O cluster

Anion-Anion-
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Opticalconductivities of TBG

Plasmonicmodulation using superlattice of TBG Amplitude modulation

╔◄ ╔ἤἒἡ ╔ἯἩἸ
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