Active Complex Amplitude Modulation
with Graphene Plasmonic Metamolecules
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Graphene Plasmons

Graphene

High thermal  pgjlistic conductor
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Plasmons in Graphene
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Graphene Plasmons: Applications KAIST
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Graphene plasmons in nanoresonators
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Graphene Plasmons: Applications

Electrical modulation of thermal emission
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Graphene Plasmons: Applications

Electrical modulation of thermal emission
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Graphene Plasmons: Applications KAIST

Nano Lett. 14, 3876 (2014)

Graphene plasmons in nanoresonators
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Graphene Plasmons: Applications KAIST

. . . Nano Lett. 14, 3876 (2014)
Strong light-matter interaction
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Graphene Plasmons: Applications KAIST

Strong light-matter interaction
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S . Extreme field confinement allows for
hEN phono i e strong coupling with monolayer h-BN phonons
5 Applications: chemical detection, emission enhancement
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Research Objective KAIST

Requirements for a
state-of-the-art
Wavefront Shaping technique
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Tunablility via
A ’ electrostatic gating Electrical tunability
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amplitude modulation

Extreme confinement
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Research Objective KAIST

Metamolecule
.
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Metaatom 1 Metaatom 2

Efficient complex amplitude modulation
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Conventional Light Modulators KAIST

Incident light

Graphene

Nano Lett. 15, 3 (2015)

Poly-Si

Nanoscale, 10, 4237 (2018) Light Sci. Appl., 8,92 (2019)

There was no active complex amplitude modulator .
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Multiscale Architecture for Radiative Coupling

KAIST

Problem: weak radiative coupling of graphene resonators
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Multiscale Architecture for Radiative Coupling KAIST

Dielectric resonance
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 Maximum absorption increases to 24.5%
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Multiscale Architecture for Radiative Coupling KAIRT

Nat. Commun. 7, 12323 (2016)

i . Incoming light
Resonant metallic slit (TM polarization)
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e 2.67 fold enhancement over bare graphene ribbons. 20




Multiscale Architecture for Radiative Coupling KAIST
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* Resonances are overlapped in a narrow spectral and spatial point.

* Perfect absorption modulation possible even at p <300 cm?/Vs. .




Large Absorption in Graphene Mid-IR Resonators =~ KAIST
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GPR GPR
:.2;: r_:f: E 2 i \ '
Si0, 150 nm S | 50 nm-> |
'SiN, 1 um / |
\ | ‘ | \ r
Au100 nm J \ <Au 100 nm>
-1 100
-0.8 80
—-0.6 60
2 A (%)
W04 40
-0.2 | Type A 20

" =315 cm’V"s;f

100
80
60
a0 A (%)

20

2,000 1,800 1,600 1,400 1,200 2,000 1,800 1,600 1,400 1,200 2,000 1,800 1,600 1,400 1,200
Frequency (cm™) Frequency (cm™) Frequency (cm)

* Experiment: 96% modulation efficiency (97% max. abs.) at 1389cm™!
* Perfect absorption can be achieved at poor mobility p = 300 cm?/Vs ,




Independent Control of Phase and Amplitude  KAIST

Problem: single resonator only controls either phase or amplitude

Universal Resonance Curve

Phase

Amplitude

Tuning Parameter
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Metamolecule KAIST

Metamolecule TM-polarized

N incoming light Structure parameters
- N I
Metaatom 1 Metaatom 2 1
................................... |r|exp(1¢) met(ana’:;m 1 met(a::;mz
p | pitch of metaatom 1,295 | 1,159
g | gap between metal strips 90 80
w | ribbon width 45 50
h | height of metal strips 80
d | thickness of substrate 250
A | operation wavelength 7,000

..............................

e Metamolecule = Metaatom1 + Metaatom?2

* Independent active modulation of phase (360°) and amplitude
(0 - 0.55) by controlling Er; and Er, (0-1 eV)

ACS Nano, In press. 24




Metamolecule KAIST

TM-polarized

Metamolecule ; o -

© incoming light Complex reflectivity
- N
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—— Metaatom 1
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> E Reconstructed
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e Metamolecule = Metaatom1 + Metaatom?2

* Independent active modulation of phase (360°) and amplitude
(0 - 0.55) by controlling Er; and Er, (0-1 eV)

ACS Nano, In press. 25




Complex Amplitude Modulation KAIST

Reflected Re{H,,/H}
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* Red curve: phase modulation (constant amplitude)

e Blue curve: amplitude modulation (constant phase)

ACS Nano, In press.
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Complex Amplitude Modulation

Complex reflectivity Amplitude on Phase on
Erq and Eg, surface Er1 and Ef; surface
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* Red curve: phase modulation (constant amplitude)

e Blue curve: amplitude modulation (constant phase)

ACS Nano, In press. 27




Fabrication Feasibility
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Lorentzian Responses KAIST

Metamolecule

— XvsEp _ 2 Complex plane
Metaatom 1 Metaatom ||T|exp(i¢)
9N
=
E
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e Optical responses of metasurface are usually Lorentzian.

* In complex plane, Lorentzian lineshape is drawn as an arc.
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Metamolecule Design KAIST
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Metamolecule Design KAIST

o Relation between Metamolecule & Metaatom

Metaatom combinations Metamolecule
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A relation between metaatoms and the metamolecule is
not intuitive on a reflectivity plane.
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Metamolecule Design KAIST

0 Relation between Metamolecule & Metaatom

“Admittance” model Mapping from 7 to admittance (¥)
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e Multiscale structure can be modelled as a stack of
effective admittances.

* Arcs on r-plane are mapped to arcs on admittance plane.
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Metamolecule Design KAIST

0 Relation between Metamolecule & Metaatom
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Metamolecule Design

9 Metaatom optimization
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Metamolecule Design

9 Metaatom optimization
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Metamolecule Design KAIST

g Metaatom optimization
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Metamolecule Design KAIST

9 Metaatom optimization
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Metaatom 2

Metamolecule Design
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Beam Steering T

Point source

I 0.5

Ao dD
n(6.) — sin(6;) — ad
!, sin(0,) — sin(H;) s dx

I Science. 334, 6054 (2011)
0.5

6.=45.5°

 Scattered wavefront can be extremely tilted up to 72.0°.

ACS Nano, In press. 39




Beam Steering T

Point source
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 Scattered wavefront can be extremely tilted up to 72.0°.

ACS Nano, In press. 40




Beam Focusing I

Point source ACS Nano, In press.
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Beam Focusing I

Point source ACS Nano, In press.
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Future Works KAIST

* Polarization independent modulation
* Dispersionless modulation

* Fabrication considering breakdown

© @

Doped Si
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Summary U=

@ Metamolecule

|r|=0.5 Reflected Re{Hy/H}
A r-plane Independent tuning
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o4l LT~ tuning of amplitude/phase.
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