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Introduction

Mid-infrared optics

NASA/IPAC

Atmospheric window

Molecular fingerprint

Thermal emission

Near infrared 
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Mid infrared
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Far infrared

ςυ ρπππʈÍ

Infrared
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Mid-infrared active device

J. Park et al., Nano Lett (2017)

MEMS

A. Tittl et al., Adv Mater (2015)

Phase change material

T. Stark et al., ACS Photonics (2015)

Semiconductor Transparent conductor

J. Midkiff et al., Optica (2020)
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Graphene-based mid-infrared modulator

Graphene

Thermal

conductivity

Chemical

stability

Flexibility
Optical 

absorption

Carrier 

mobility

Mechanical

strength

CT. Phare, et al., Nat. Commun. (2015)

D. Rodrigo, et al., Science (2015)

Excellent platform for optical modulator by

Electical tunability

Strong light-matter interaction

High carrier mobility
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Graphene-based mid-infrared modulator

MS. Jang, et al., Phys. Rev. B (2014)M. Zeng, et al., Light Sci. Appl. (2018)

Plasmonic resononance Photonic resononance

ɝὃͯ ςȢσϷ

ɝὃͯ ρπϷ

Graphene sheet

Graphene resonator
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Introduction

Thesis objectives

Efficient graphene-based mid-infrared modulators 

utilizing external optical structures

Thermal emission steeringMicro-scale graphene 

resonator

Ultracompact waveguide 

modulator

Epsilon-near-zero(ENZ)Plasmonic nano-gap
Plasmonic nano-gap 

/Photonic Fabry-Perot



Efficient transmission modulation across a 

graphene-covered ‗/1000 plasmonic 

waveguide gap
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Extreme field confinement

‗ ‗Ⱦρπ ‗Ⱦρππ

X. Chen, et al., Nat. Commun. (2013)H. Choi, et al., Opt. Express (2009) J. B. Lassiter, et al., Nano Lett. (2013)
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Applications

J. W. Stewart, et al., Adv. Mater. (2017)

T. Ding, et al., ACS Photonics (2017)

Molecular sensing

R. W. Taylor, et al., Sci. Rep. (2014)

T. B. Hoang, et al., Nano. Lett. (2016)

Multispectral imaging

Quantum emitter Photochemistry
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Conventional graphene plasmon device

A. Iranzo et al., Science (2018)

In general, conventional graphene plasmon devices were realized in large area 

metasurface form

S. Kim et al., Nat. Commun (2016)
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Nano-gap waveguide modulator

MS. Jang, et al., Phys. Rev. Appl. (2018)

Ὁ

‗ͯ

Graphene plasmon wavelength scale 

waveguide modulator based on lateral 

grahenene plasmon resonance

Smaller than graphene plasmon wavelength 

scale waveguide modulator based on other 

mechanism

Ḻ‗
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Introduction

Research objective

Ultracompact plasmonic waveguide modulator 

based on nano-gap-graphene hybrid structure
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Design

Mode characteristics

Nano-Cavity

Graphene Plasmon

Background

Existing modes

Non-dispersiveDispersive Non-dispersive

Dispersive Non-dispersive

Ὣᴽ

Dispersive

Operation regime change
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Design

Semi-analytical model

ὸ
ὧ ὧ Ὡ ὶ

ρ ὶ ὶ Ὡ

‍ : propagation constant in nano-cavity

Ὤ: height of nano-cavity

ὧ : coupling coefficient with ὭȟὮ .ȟ-ȟ&

.: Nano-cavity, - : MIM waveguide, &: Free space

Ὡ

ὶ

ὶ

ὧὧ
ὸ

ὸ

Ὤ

Electrically tunable nano-cavity mode

Fabry-Perot resonator for narrow 

gap MIM WG mode
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Semi-analytical model
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Result

Performance evaluation

High modulation depth & robust for graphene quality
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Result

Operation mechanism transition

‗ͯ

Ḻ‗

Background + Tunable Nano-cavity

Nano-Cavity

Graphene Plasmon

Background

Tunable Nano-Cavity

Background + Nano-Cavity + graphene Plasmon
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Micro-scale graphene resonator in mid-

infrared based on epsilon-near-zero media 
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Graphene resonator fabrication issue

H. Yan, et al., Nat. Photon. (2013)

Wavelength ( ἵ@ Å6) Scale (ἶἵ) Publication

1 5.7 @ 0.32 30 Science, 349, 2015

2 10.8 @ 0.3 90 Nat. Photon., 7, 2013

3 7.6 @ 0.39 40 Nat. Commun., 6, 2015

4 7.2 @ 0.65 50 Nat. Commun., 7, 2016

5 6.9 @ 0.5 80 Nano Lett., 13, 2013

6 7.6 @ 0.44 50 Phys. Rev. B, 90, 2015

Q. Guo, et al., ACS Photonics (2017)

Edge scattering Momentum mismatch

(a) (c)(b)

S. Kim, et al., Nano Lett. (2018)

Resonance deviation
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Introduction

Graphene plasmon resonance condition

ς‫‭ὡ)Í
‭ ‫ ‭ ‫
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“ •

Graphene plasmon resonance condition

Dimension of graphene plasmon resonator could be controlled by substrate 

engineering
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Introduction

Research objective

Realization of micro-scale graphene resonator 

based on epsilon-near-zero substrate



22

Design

Configuration of proposed structure

Å Silicon carbide(SiC) is representative ENZ material near ωφπÃÍ

Å Doped SiC plays a role of electrode for electrostatic gating

Å Al2O3 has low optical loss at mid-infrared

Å Graphene plasmon dispersion change by gate oxide is negligible ‗ ḻὬ

4H-SiC

Al2O3

Graphene ribbon array

Ὤ ὡ
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Design

Resonance in micro-scale resonator near ENZ
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Resonance of ὡ ρʈÍmicrometer 

scale graphene resonator is observed at 

mid-infrared
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Experiment

Free carrier absorption in MIR

‭ ‭ ρ
‫ ‫

‫ ‫ Ὥ‫‎
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‫ Ὥ‫‎
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Å In the mid-infrared, free carrier absorption of substrate significantly change 

modulation performance of device
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Experiment

Wafer selection

Å Serious free carrier 

absorption: ὲ ρ
ρπÃÍ

Å SiC is good conductor

Å Relatively low cost

Å Negligible free carrier 

absorption

Å SiC cannot be used as 

electrode

Å Moderate cost

Å Various carrier range: 

ὲ ρπ ρͯπÃÍ
Å SiC could be used as 

electrode

Å High cost
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Experiment

Fabrication process

Al2O3 deposition Electrode deposition

E-beam lithography

Graphene transfer

Channel pattering
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Experiment

Modulation measurement (SiC gating)

ρπʈÍ
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Experiment

Modulation measurement (ion-gel gating)

ρπʈÍ
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Analysis

Analysis of measured spectrum

ɝὲͯ ρπÃÍ ȟ‘ᶿὲ

Measurement

Mobility is decreased by impurity scattering

Calculation
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Conclusion

Graphene plasmon device at NIR
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Graphene plasmon device at NIR

J. Siegel et al., Nano Lett. (2021)

ENZ at NIR



Electronic steering of directional thermal 

emission based on graphene metasurface-

photonic resonator
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Introduction

Characteristics of thermal emission

Broadband and isotropic electromagnetic 

wave emission of random dipoles

Blast furnaceInfrared sensor

Planet temperature Doppler shift



Quantum cascade laser
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Introduction

Mid-infrared light source

Thermal emitter

Å Short coherence length & time

Å Poor beam quality

Å Cheap

Å Wide operation range

Å Long coherence length & time

Å Great beam quality

Å Expensive

Å Limited operation range
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Development of thermal emitter

Å Mechanically engineered bulky structure

Å Sensitive to configuring material

Å Nano/micro scale thin optical structure

Å Near unity emissivity at selective frequency

Å Nano/micro scale thin optical structure

Å Electircally tunable emissivity

Next step
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Graphene thermal emitter

High speed blackbody emitter Emissivity modulation

Y. Miyoshi, et al., Nat. Commun. (2018) VW. Brar, et al., Nat. Commun. (2016)
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Introduction

Research objective

Steering of directional thermal emission via graphene-

based phase modulation of delocalized mode in photoic 

resonator
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Design

Design rule

Coherence Delocalization

Localized mode

Delocalized mode
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Design

Design goal

Electronically tunable wavevector 

selector

Proposed structure

Delocalized mode resonator

Excellent wavevector selectivity

Graphene metasurface

Electronical phase modulation

Ὁ Ὁ
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Design

Metasurface optimization

ɝ‰ ‰ πȢυÅ6 ‰ #.0

ὶ ὶὩ

Å Maximize the phase difference 

of reflection coeffcieint for 

Fermi level of graphene

ὡ effect

SiO2

Au

Å Minimize the magnitude 

difference of reflection coeffcieint 

for Fermi level of graphene

ɝὶ ὶπȢυÅ6 ὶ#.0

ὡ effect

ɝ‰ ᶿὡ ɝ‰ ᶿὡ

ɝὶᶿὡɝὶᶿὡ
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Thermal emitter optimization

Å Delocalized mode is confined in 

SiOx thick oxide and reflection 

phase is cotrolled by graphene

Å Emissivity of directional emissions 

are 0.9 and 0.8, respectively

Å Steering angle is larger than 20o

ρ Ὑ

‭ ὃ ρ Ὑ
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Experiment

Fabrication process

Graphene transfer

HfO2 deposition

Au/Cr deposition

SiO2/Au/Cr deposition

HSQ patterning
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Experiment

Thermal emission measurement

Calculation Measurement

Rotation stage

Heating stage
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Experiment

Thick oxide gating problem

Maximum carrier density modulation ɝὲ
is mearly ςȢχπ ρπ ɝὲȾὲͯ ρωϷÃÍ

Thick oxide gating is difficult to achieve enough carrier density modulation for 

angle steering

Ὄ τʈÍ V

+500 V

0 V

-300 V
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Experiment

High static permittivity oxide layer

Carrier density modulation

ɝὲ
ὅὠ

Ὡ
ȟὅᶿ‭

ἵscale thick oxide layer with high static permittivity and dielectric 

breakdown could be the solution for high steering angle device
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Experiment

High static permittivity oxide layer

Roughness ρὲά

Permittivity ͯχȢυ
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Experiment

Intermediate thin conductive layer-based gating

Å Insert thin conductive layer on thick oxide layer (versitle platform for this type 

of structure)

Å ITO is promising candidate as thin conductive layer

1. Conductive for 

electrostatic gating

2. Small perturbation on 

device operation
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Summary

Realization of micro-scale graphene resonator 

based on epsilon-near-zero substrate

Steering of directional thermal emission via graphene-

based phase modulation of delocalized mode in photoic 

resonator

Ultracompact plasmonic waveguide modulator 

based on nano-gap-graphene hybrid structure
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Achievements

Å J Lee, Y Ahn, H Lee, Y Jang, A Park, S Kim, Y Jung, J Shin, SH Lee, S Park, MS Jang, B Kim, S Oh, K Lee, ñMelanogenesis Inhibition 

via Wearable Surface-Lighting ÕLED patchò, submitted

Å JY Kim, J Park, GR Holdman, JT Heiden, S Kim, VW Brar, MS Jang, ñFull 2ˊ Tunable Phase Modulation Using Avoided Crossing of 

Resonancesò, under revision

Å KM Song, S Kim, S Kang, TW Nam, GY Kim, H Lim, EN Cho, KH Kim, SH Kwon, MS Jang, YS Jung, ñMicrocellular sensing media with 

ternary transparency states for fast and intuitive identification of unknown liquidsò, Sci. Adv. (2021)

Å S Kim, SG Menabde, JD Cox, T Low, MS Jang, ñUltracompact electro-optic waveguide modulator based on a graphene-covered ɚ/1000 

plasmonic nanogapò, Opt. Express (2021)

Å GH Lee*, S Kim*, YJ Kim*, MS Jang, YS Jung, ñSimulation and Fabrication of Nanoscale Spirals Based on Dual-Scale Self-Assembliesò, 

ACS Appl. Mater. interfaces (2020)

Å KJ Lee*, K Kwon*, S Kim, W Hong, J Park, K Yu, SY Choi, ñGapȤMode PlasmonȤInduced Photovoltaic Effect in a Vertical Multilayer 

Graphene Homojunctionò, Adv. Opt. Mater. (2020)

Å S Han*, S Kim *, S Kim, T Low, VW Brar, MS Jang, ñComplete complex amplitude modulation with electronically tunable graphene 

plasmonic metamoleculesò, ACS Nano (2020)

Å GY Kim*, S Kim*, J Choi , M. Kim, H Lim, TW Nam, W Choi, E Cho, HJ Han, C Lee, JC Kim, HY Jeong, S-Y Choi, MS Jang, DY Jeon, 

YS Jung, ñOrder-of-magnitude, Broadband Enhanced Light Emission from Quantum Dots Assembled in Multi-scale Phase-Separated 

Block Copolymersò, Nano Lett. (2019)

Å KJ Lee*, S Kim*, W Hong, H Park, MS Jang, K Yu, SY Choi, ñobservation of Wavelength-Dependent Quantum plasmon tunneling with 

Varying the thickness of Graphene spacerò, Sci. Rep. (2019)

Å CY Jeon, KM Baek, S Kim, DJ Kim, MS Jang, YS Jung, BG Park ñPlasmonȤEnhanced Photodetection in Ferromagnet/Nonmagnet Spin 

Thermoelectric Structuresò, Adv. Funct. Mater. (2018)

Å KM Baek, J Kim, S Kim, SH Cho, MS Jang, J Oh, YS Jung, ñEngraving High-Density Nanogaps in Gold Thin Films via Sequential 

Anodization and Reduction for Surface-Enhanced Raman Spectroscopy Applicationsò, Chem. Mater. (2018)

Å J Park, G Hwang, S Kim, J Seo, H Park, K Yu, T Kim, K Lee "Flash-Induced Self-Limited Plasmonic Welding of Silver Nanowire 

Network for Transparent Flexible Energy Harvester", Adv. Mater. (2017)

* co-first author



Thanks for listening
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Switch - design

Gap width effect
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Switch - design

Core thickness effect
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Switch - design

Cladding thickness effect
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Switch - result

Geometric parameters

Resonance Fermi level follows the Fabry-Perot resonance characteristic of 

the nano-gap mode
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ENZ

GSP dispersion derivation (IGI)
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ENZ

GSP dispersion derivation (IGI)
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ENZ - analysis

Device performance
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Å Resonance of ὡ ρʈÍmicrometer scale graphene resonator is observed at 

mid-infrared

Å Relatively low modulation efficiency even larger plasmon momentum
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ENZ - analysis

Origin of low modulation efficiency
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Modulation efficiency is determined by 

material absorption loss of ENZ
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ENZ - analysis

Origin of narrow resonance peak/large fabrication tolerance

Å Narrow resonance peak is originiated from dispersion

Å Fabrication tolerenace is originated from dispersion and increased structure 

dimension

‭ ‭ ‭ πȢτςχπȢρπφ
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ENZ - analysis

Fabrication tolerance

920 940 960 980
0.3

0.6

0.9

1.2

1.5

1.8

W
id

th
 o

f 
R

ib
b

o
n

 (
m

m
)

Wavenumber (cm-1)

0.00

0.10

0.20

0.30

0.40

DA

900 920 940 960 980 1000

0.0

0.1

0.2

0.3

A
b

s
o

rp
ti
o

n
 d

if
fe

re
n

c
e

 D
A

Wavenumber (cm-1)

 W 500 nm

 W 1000 nm

 W 1500 nm

SiO2/Si substrate Al2O3/SiC substrate

ɝ‫

ɝὡ
ςͯȢυÃÍÎÍ

ɝ‫

ɝὡ
πȢππψÃÍÎÍ

1400 1420 1440 1460 1480 1500
0.00

0.03

0.06

0.09

0.12

0.15

A
b

s
o

p
rt

io
n

 d
if
fe

re
n

c
e

 D
A

Wavenumber (cm-1)

 66 nm

 68 nm

 70 nm

 72 nm

 74 nm

1320 1380 1440 1500 1560
50

60

70

80

90
W

id
th

 o
f 
R

ib
b

o
n

 (
n

m
)

Wavenumber (cm-1)

-0.05

0.00

0.05

0.10

0.15

DA



60

ENZ - experiment

Perturbation by Epi layer

Al2O3

Epi-SiC ὲͯ ρ ρπÃÍ
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ENZ - experiment

Paraffin graphene transfer

Advantages

Å High thermal expansion coefficient ᴼ reduce 

wrinkle

Å Unreactive chemical structure ᴼ reduce residue
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Thermal - design

Metasurface reflection coefficient
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Thermal - experiment

Large area E-beam lithography

Positive e-resist (PMMA)

96% of area is exposed

4% of area is exposed

Negative e-resist (HSQ)


