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Efficient graphene-based mid-infrared

modulators utilizing external optical
structures
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Introduction

Mid-infrared optics
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Introduction

Mid-infrared active device
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Introduction

Graphene-based mid-infrared modulator

Thermal
conductivity,

Mechanical
strength

Chemical Caurrier

stability mobility

Optical

Flexibility [ b

Excellent platform for optical modulator by

Electical tunability
Strong light-matter interaction
High carrier mobility
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CT. Phare, et al., Nat. Commun. (2015)
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Graphene-based mid-infrared modulator

Graphene sheet

30¢ C®P

Graphene resonator

KAIST

Plasmonic resononance Photonic resononance

~ >
~~-.——"

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



Introduction
Thesis objectives

Efficient graphene-based mid-infrared modulators
utilizing external optical structures
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Efficient transmission modulation across a

graphene-covered _/1000 plasmonic
waveguide gap
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Introduction

Extreme field confinement

.
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H. Choi, et al., Opt. Express (ZOOD
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Introduction

Applications
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Introduction

Conventional graphene plasmon device

Incoming light

/l—»x (TM polarization)
y

kh'BN or AI2O3
graphene

Transmission

0

S. Kim et al., Nat. Commun (2016) A. Iranzo et al., Science (2018)

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

Nano-gap waveguide modulator
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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

Existing modes

Operation regime change
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Design
Semi-analytical model
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Design

Semi-analytical model
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Result
Performance evaluation
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Result

Operation mechanism transition
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Micro-scale graphene resonator in mid-

Infrared based on epsilon-near-zero media
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Introduction

Graphene resonator fabrication issue
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Introduction

Graphene plasmon resonance condition

Graphene plasmon resonance condition
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Introduction

Research objective

Realization of micro-scale graphene resonator
based on epsilon-near-zero substrate

KAIST
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Design

Configuration of proposed structure

Graphene ribbon array
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4H-SiC

A Silicon carbide(SiC) is representative ENZ material near w ¢ A& |
A Doped SiC plays a role of electrode for electrostatic gating
A Al,O; has low optical loss at mid-infrared

A Graphene plasmon dispersion change by gate oxide is negligible (
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Design
Resonance Iin micro-scale resonator near ENZ
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Experiment

Free carrier absorption
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A In the mid-infrared, free carrier absorption of substrate significantly change
modulation performance of device
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Experiment

Wafer selection

SiC
EPITAXY

n-type and p-type
Epitaxial Layers

n-TYPE HPSI

High Purity
Semi-Insulating
SiC Substrates

SiC Substrates

A Serious free carrier A Negligible free carrier A Various carrier range:
absorption: & ) absorption ¢ pmxpm A
pmt A A SiC cannot be used as A SiC could be used as

A SiC is good conductor electrode electrode

A Relatively low cost A Moderate cost A High cost
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Experiment

Fabrication process

Al,O5 deposition Electrode deposition

Graphene transfer

E-beam lithography Channel pattering
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Experiment

Modulation measurement (SIC gating)
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Experiment

Modulation measurement (ion-gel gating)
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PEWAIS

Analysis of measured spectrum
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Conclusion

Graphene plasmon device at NIR

From Source

Graphene
N
5 Nanonbbons

To Detector

Photon Wave e number (cm” ) Photon Wavenumber (cm")
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5 4 3
Photon Wavelength (um) Photon Wavelength (um)

J. Siegel et al., Nano Lett. (2021)
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Graphene plasmon device at NIR
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Electronic steering of directional thermal

emission based on graphene metasurface-
photonic resonator
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Introduction

Characteristics of thermal emission
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Broadband and isotropic electromagnetic
wave emission of random dipoles

Planet temperature Doppler shift

Planet Temperature & Size

Doppler Shift due to
Stellar Wobble
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Introduction

Mid-infrared light source

Thermal emitter

Quantum cascade laser

4 )
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. - : IR Laser Emission Layer (Ti/Au)
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A Short coherence length & time A Long coherence length & time
A Poor beam quality A Great beam quality
A Cheap A Expensive
_ A Wide operation range A Limited operation range y
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Introduction

Development of thermal emitter

A Sensitive to configuring material

A Mechanically engineered bulky structure

A Nano/micro scale thin optical structure
A Near unity emissivity at selective frequency

n-GaAs

GaAs substrate

I
Viey .(y hrw = p-GaAs . . .
r“l__ : A Nano/micro scale thin optical structure
Zuis A Electircally tunable emissivity

Next step

KAIST
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Introduction

Graphene thermal emitter

High speed blackbody emitter

Emissivity modulation
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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
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Design

Design goal

Delocalized mode resonator

Proposed structure

1

Metal

s

Oxide

;

—)

U U

Metal

Electronically tunable wavevector

selector
0 W " %o W)

4 )
Metal
MN%
Oxide I l%o
J %o
Metal
C“ C% %o o
\_ Excellent wavevector selectivity )
Graphene metasurface
4 )
O O
Metal
%0 %o %0 %o
Oxide
Electronical phase modulation
\_ _J

KAIST

C %0 %0
0O »C “ %o %0 %0 »'|

\_

/

38



Design

Metasurface optimization
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Design

Thermal emitter optimization
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Experiment

Fabrication process

.| .|
SiO,/Au/Cr deposition Graphene transfer

HfO, deposition

Au/Cr deposition HSQ patterning
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Experiment

Thermal emission measurement

Emissivity
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Experiment

Thick oxide gating problem

+500 V
-15 0 15 oV
30 0 300V
-45 45
H 7, “ 06
2O o g | 60 60
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Au .75 0. 75
Maximum carrier density modulation 3€ -90 0:0 90

is mearly ¢&mt p 1 (3£7&X p w PA

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

High static permittivity oxide layer

Carrier density modulation

3¢ 0 6%6 CI
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I scale 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
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Experiment

Intermediate thin conductive layer-based gating

Melaltsatirs FEaimnsras Bers o dd e mmemmeooo-
ALO, 1 1. Conductive for

SE——— : electrostatic gating
Conductive layer [ .
' 2. Small perturbation on

! device operation

______________________________

N —————

SiOy
Metal

A Insert thin conductive layer on thick oxide layer (versitle platform for this type
of structure)
A 1TO is promising candidate as thin conductive layer
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Ultracompact plasmonic waveguide modulator
based on nano-gap-graphene hybrid structure

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
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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
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Resonance Fermi level follows the Fabry-Perot resonance characteristic of
the nano-gap mode
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ENZ
GSP dispersion derivation (1Gl)
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ENZ

GSP dispersion derivation (1Gl)

Boundary conditions
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ENZ - analysis

Device performance
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A Resonanceofw pt | micrometer scale graphene resonator is observed at

mid-infrared
A Relatively low modulation efficiency even larger plasmon momentum
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ENZ - analysis
Origin of low modulation efficiency
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ENZ - analysis

Origin of narrow resonance peak/large fabrication tolerance
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A Narrow resonance peak is originiated from dispersion
A Fabrication tolerenace is originated from dispersion and increased structure
dimension
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ENZ - analysis

Fabrication tolerance

Absoprtion difference DA

KAIST
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ENZ - experiment
Perturbation by Epi layer
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ENZ - experiment

Paraffin graphene transfer
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Thermal - design 3% % (DAY %o
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Thermal - experiment

Large area E-beam lithography

Positive e-resist (PMMA)
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96% of area is exposed

Negative e-resist (HSQ)
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4% of area is exposed
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