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M. S. Jangand H. Atwater, PRL107, 207401 (2011).
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Trapped Rainbow ( Tsakmakidis et al., Nature 2007 )
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Core Thickness
K. L. Tsakmakidis, A.D. Boardman, O. Hess, Nature450, 397-401 (2007)



Potential Applications

5

ςὲὍ

ÅOvercome ergodiclight trapping limit

ÅChromatic field concentration

ÅBroadband slow light

E. Yablonovitchet al., IEEE Trans. Electron Devices 29, 300 (1982)



TM rainbow trapping with ‘ ρmaterials
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For MIM TM2,

‭ τȢρρφ‭

For MIM TM1,

‭ ‭ 0.740‭

Å PulseόǘŀǇŜǊŀƴƎƭŜ— ρȢςʐ

Å CW ‌ πȢρψχχ‗

Å H Intensity Profile ὍȾὍ

TM2‭ ρπȟ‭ ρ



Questions
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ÅHow does light escape?

ÅHow much light can be stored?



Mechanism
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IMI Plasmonic MIM PhotonicINI Photonic



Mode Amplitudes and Energy Density
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MIM TM2IMI TM0

Due to simultaneous excitation ofȿἃὪ andȿἃὦmodes,
MIM structure shows better light trapping performance



MIM Structure Quality Factor
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Assumption : DrudeDispersion ‭ ρ

TM2 : ᶰ
Ȣ

ȟρTM1 : ᶰ
Ȣ
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Real Materials
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Å Ag/GaP/Ag can trap TM1 modes (‗ 540-580[nm])
at ‌of 22-46[nm]

For — υᶼ, ὗͯ 30-60 and ὠ 0ͯ.01-0.1

Å SiC/Si/SiCcan trap TM2 modes (‗ͯ 10.5[um])
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M. S. Jang*, H. Kim*, H. Atwater, and W. Goddard, APL97, 043504 (2010).
M. S. Jang*, H. Kim*, Y. Son*, H. Atwater and W. Goddard, Under review.
*equal contribution
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Why Graphene?
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Novel and now Nobel material! 

High Strength
- Breaking strength is 200 times
larger than steel

High Thermal Conductivity
- 5,000 W/mK

Exotic Optical Properties
- More transparent than ITO
- Controllable by varying Fermi Level

Ballistic Conductor
- Mobility at RT ~ 105 cm2/Vs

- Mean free path ~ few microns

A. K. Geimet al., Nat. Mater. 6, 183-191 (2007).
A.H. C. Netoet al., Rev. Mod. Phys. 81, 109 (2009). 



Electronic Structure: Relativistic Quasi-Particle
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Netoet al., Rev. Mod. Phys. 81, 109-162 (2009)

Graphene tight binding Hamiltonian near Dirac point
Ғ н5 5ƛǊŀŎ IŀƳƛƭǘƻƴƛŀƴ ƻŦ ƳŀǎǎƭŜǎǎ ŦŜǊƳƛƻƴǎ 
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‬ὸ
ὭᴐὺⱭẗ​ Ὗ ɰ

Linear Dispersion!



Graphene Electron Optics
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Refractive index for graphene electron

ὲ ρ
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Å{ƴŜƭƭΩǎ [ŀǿ όÓÉÎ— ὲÓÉÎ—)
- Electron Lens (Cheianovet al., Science2007)

ÅGoos-HänchenShift
- (Beenakkeret al., PRL2007)



Graphene Electron Simulator (GraFDTD)
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/ƻǳǇƭŜŘ ŦƛǊǎǘ ƻǊŘŜǊ ƭƛƴŜŀǊ ŘƛŦŦŜǊŜƴǘƛŀƭ Ŝǉǳŀǘƛƻƴǎ όǎƛƳƛƭŀǊ ǘƻ aŀȄǿŜƭƭΩǎ Ŝǉǳŀǘƛƻƴǎύ  

Å Spatial derivative is evaluated 
on discrete grid

Å Evolving ɰin discrete time domain
using velocity Verletalgorithm

ὲ π

ὲ ς ὲ πȢχυ

ὲ ρ



Graphene Field Effect Transistor
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Non-relativistic particle

Relativistic particle

Klein Tunneling
Normally incident electron
tunnel through any potential wall
with 100% probability

Good transistor?
Å Well defined on/off current regime
Å High on/off ratio

²ƘŀǘΩǎ ǿǊƻƴƎ ǿƛǘƘ ƎǊŀǇƘŜƴŜΚ
Å Hard to turn OFF
Å Current best on/off ratio 7:1

Meric et al.Nat. Nanotechnol. 3, 654-659 (2008).



Previous Approaches –Band Gap Engineering

18

Son et al. Nature444, 347-349 (2006)
Son et al., PRL97, 216803 (2006)

Nano Ribbon Hydrogenation Mechanical Strain

Ni et al. ACS Nano 2, 11, 2301 (2008)

5 nm

Baloget. al., Nat. Mater. 9, 315 (2010)

Degrade electrical transport properties of graphene



New Approach: Optics Analogy
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Tsakmakidiset al., Nature, 450, 397-401 (2007).

Rainbow Trapping p-n-p Electron Waveguide

ρ ὲ π
Ὁ Ὗ ςὉ

p p
n



FET with Saw-tooth Gate
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Simulation Setting Mode Dispersion ὡ τȢψυ‗



FET with Saw-tooth Gate
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50 nm 50 nm 50 nm

Off State (Ὗ ρȢρὉ πȢττÅ6)

Ὕ ρ Ὕ πȢππψ Ὕ πȢψω



Analysis
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Switching (Ὁ πȢτÅ6) Scaling Behavior

Å Well-defined on/off regime
Å High on/off ratio ~1:130
Å On/off ratio linearly proportional to device scale



Outline
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Plasmonsin Graphene

24M. Jablanet al., Phys. Rev. B 80, 245435 (2009). 

Ordinary Surface Plasmon GraphenePlasmon



Plasmonsin Graphene
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Ὁ πȢρσυÅ6

Ὁ πȢρσυÅ6

M. Jablanet al., Phys. Rev. B 80, 245435 (2009). 

Å High Confinement Factor ~ 100
Å Tunable by varying Fermi Energy  

J. Chen et al., Nature (2012).
Z. Feiet al., Nature (2012).

300nm



Simplest Graphene Optical Modulator
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On Chip Graphene Optical Modulator

27M. Liu et al., Nature 474, 64-67 (2011). 



GraphenePlasmonicResonator Array

28Thongrattanasiriet al., PRL 108, 047401 (2012) H. Yanet al., arXiv:1202.5235v1(2012)



Graphene Plasmonic Modulator
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‫ πȢρφυÅ6 χȢυʈÍ
ὒ ρτπÎÍ
Ὤ Ὠ ρππÎÍ



Graphene Plasmonic Modulator
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FanoResonance
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Fano Interference between:
resonant transmission through graphene plasmons(ὸ)
non resonant backgroundtransmission (ὸ)



Total Suppression of Transmission
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Complete destructive interference 
achievable by adjusting system geometry

Ὕ ȾὝ



GraphenePlasmonicsat Near IR
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ÅIn most grapheneplasmonicsresearch, 

‗ φȢσ‘Í πȢςÅ6

ÅWhat happens if ‫ πȢςÅ6?



High Energy Plasmon Properties
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Electron-Optical Phonon interactiondominates loss  at ‫ πȢςÅ6

Ὁ πȢφÅ6

Impurity Scattering Phonon Scattering InterbandTransition

‫ ‫ πȢςÅ6

ῲ ᶿ‘

‫ ‫ṂςὉ

ῲ ῲ ῲ

ςὉ Ṃ‫



Compact Cavity at Telecom Wavelength
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Åὗ τπ
Åὠ ρȢω ρπ ‗
ÅὊ ρȢχ ρπ

Ὁ πȢφÅ6and ‫ πȢχÅ6(‗ ρȢχχʈÍ)

Ὄ



Fermi Energy Dependence
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High Ὁ ᴼTelecom frequency (0.8eV) or even higher!



Quantum Finite Size Effect 

37

Classical EM calculation is accurate down to ~5-10[nm]

Thongrattanasiriet al. ACS Nano6, 1766 (2012)



GrapheneCavity Array - Fabrication
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SiO2

PMMA

CVD  Graphene

Si

O2 Plasma

SiO2

Si

SiO2

Si

e e e

(a) ὡ ςχnm
ὒ φπnm

(b) ὡ υπnm
ὒ ρππnm



Transmission Measurement
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FTIR Spectrometer IR Microscope

ÅSpatial Resolution: 20um
ÅEnergy Resolution: 0.1cm-1

ÅWavenumber:  700-10,000cm-1

100um

Focus IR beam 
on cavity array



Extinction Spectra

40*polarization: Eperpendicular to ribbons

Ὁ 0.25 eV

0.29 eV

0.33 eV

0.38 eV

0.43 eV

0.47 eV

0.51 eV



Surface Phonon Plasmon Polariton
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Substrate Phonons Couple with GraphenePlasmons
ᴼSurface Phonon Plasmon Polaritons(SPPPs)

SPPP GP

For ‍ḻὯ,

‍



Tunability
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ÅFermi energy estimated from electrical measurement

ÅOxide breakdown limits Ὁ πȢφeV
ᴼIonic gelcan tune Ὁ even above 1eV

‫

SPPP SPPP

GP

GP



Summary

43

Plasmonic Light Trapping Graphene Electron Optics Graphene Plasmonics

ὲ ρ



Å Academic Advisor : Prof. Harry Atwater

Å Plasmonic Rainbow Trapping
- Stanley Burgos
- Dr. EyalFeigenbaum

Å Graphene Electron Optics
- Dr. HyungJunKim
- Prof. William Goddard 
- Prof. Young-Woo Son 
- Prof. OlexeiMotrunich

Å Graphene Plasmonics
- Dr. Victor Brar
- JosueLopez
- SeyoonKim

Å Funding: Department of Energy

Acknowledgements

44


