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Wavefront Shaping

In the optical wave?

www.surfertoday.com/surfing

conpaper.tistory.com/72373
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Wavefront Shaping

www.thorlabs.com

On-chip reconfigurable lens

Meta-lens

Lidar

Information optics Active thermal hologram
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Wavefront Shaping

Requirements for a 
state-of-the-art

Wavefront Shaping technique

Electrical tunability 

Compact size

Efficient complex 
amplitude modulation

optical system

scattered
light

|𝐴|𝑒𝑖𝜙

A

B

C
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Graphene Plasmons

Novoselov et al., Science 306, 666 (2004)
Neto et al., Rev Mod Phys 81, 109 (2009)

High thermal 
conductivity

High strength
Exotic optical 
properties

Ballistic conductor
2. Low loss due to high carrier mobility

VG = 0VG < 0

e

VG > 0

e

3. Tunable via electrostatic gating

Jablan et al., Phys Rev B 80, 245435 (2009) 
Jang et al., Phys Rev B 90, 165409 (2014) 

Free Space 
Photon

Noble 
Metal 

Surface 
Plasmon

Graphene
Plasmon

1. Extremely small: 𝜆𝑃~𝜆Free Space/100

Graphene Plasmons in Graphene
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Graphene Plasmons: Applications

Graphene plasmons in nanoresonators

Nano Lett. 13, 2541 (2013)

Doping dependence
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Graphene Plasmons: Applications

Electrical modulation of thermal emission

Nat. Commun. 110, 8786 (2015)

Kirchhoff’s law 

of thermal radiation

𝛼𝜆 = 𝜖𝜆
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Graphene Plasmons: Applications

Electrical modulation of thermal emission

Nat. Commun. 110, 8786 (2015)
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Graphene Plasmons: Applications

Graphene plasmons in nanoresonators

Extreme confinement

• 𝑄 = 5-15

• 𝜆0 = 100-300 𝑊

• 𝑽𝐞𝐟𝐟 = 10−7-10−6𝝀𝟎
𝟑

𝐸𝐹 = −0.37eV, 𝜆0= 6.7um

Nano Lett. 14, 3876 (2014)
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Graphene Plasmons: Applications

Strong light-matter interaction
Nano Lett. 14, 3876 (2014)

500nm
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Graphene Plasmons: Applications

Strong light-matter interaction

• Extreme field confinement allows for 
strong coupling with monolayer h-BN phonons

• Applications: chemical detection, emission enhancement

Science 349.6244 (2015)

Gold Plasmon

Graphene Plasmon
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Research Objective

Tunablility via 
electrostatic gating

Extreme confinement

Requirements for a 
state-of-the-art

Wavefront Shaping technique

Electrical tunability 

Compact size

Efficient complex 
amplitude modulation

A

B

C
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Research Objective

Efficient complex amplitude modulation
C
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Light Sci. Appl., 8, 92 (2019)

Conventional Light Modulators

Nanoscale, 10, 4237 (2018)

Nano Lett. 15, 3 (2015) Nano Lett. 14, 11 (2014)

There was no active complex amplitude modulator
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Results



Main Contents

Meta“molecule”1

Analysis of the metasurface2

Wavefront shaping3

• Multiscale structure

• Combination of metaatoms

• Complex amplitude modulation

• Admittance model

• Metamolecule design process

• Beam steering

• Beam focusing
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Nat. Commun. 110, 8786 (2015)

modulation efficiency < 10%

Nano Lett. 13, 2541 (2013)

Problem: weak radiative coupling of graphene resonators

Absorption/scattering 
cross-section

Plasmonic
resonator

• Theory: absorption 
cross-section 

≥ 10 physical area

• Reality: low mobility 
and rough edge

Multiscale Architecture for Radiative Coupling
Metamolecule
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PRB. 90, 165409 (2014)

500nm

• Maximum absorption increases to 24.5% 

Multiscale Architecture for Radiative Coupling
Metamolecule

Dielectric resonance
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Graphene +EOT Graphene

Resonant metallic slit

• 2.67 fold enhancement over bare graphene ribbons.

Nat. Commun. 7, 12323 (2016)

Multiscale Architecture for Radiative Coupling
Metamolecule
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• Resonances are overlapped in a narrow spectral and spatial point.
• Perfect absorption modulation possible even at μ < 300 cm2/Vs.
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Large Absorption in Graphene Mid-IR Resonators
Metamolecule

a b c

d e f
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Theory

Experiment

• Experiment: 96% modulation efficiency (97%  max. abs.) at 1389cm-1 

• Perfect absorption can be achieved at poor mobility μ ≈ 300 cm2/Vs

Nano Lett. 
18, 971 (2018)
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Independent Control of Phase and Amplitude
Metamolecule

Problem: single resonator only controls either phase or amplitude

Tuning Parameter

Universal Resonance Curve

Amplitude

Phase
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metaatom 2
(nm)

metaatom 1
(nm)

EF1 EF2

Metaatom 1 Metaatom 2

Metamolecule

GPRs

𝑝1 𝑝2 𝑔1 𝑔2

𝑤1 𝑤2𝑑

ℎ

TM-polarized
incoming light

|𝑟|exp(𝑖𝜙)

Structure parameters

• Metamolecule = Metaatom1 + Metaatom2

• Independent active modulation of phase (360°) and amplitude   
(0 - 0.55) by controlling 𝐸𝐹1 and 𝐸𝐹2 (0 - 1 eV)

ACS Nano, In press.

Metamolecule

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

𝝀 operation wavelength 7,000
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EF1 EF2

Metaatom 1 Metaatom 2

Metamolecule

GPRs

𝑝1 𝑝2 𝑔1 𝑔2

𝑤1 𝑤2𝑑

ℎ

TM-polarized
incoming light

|𝑟|exp(𝑖𝜙)

Reconstructed

Complex reflectivity

Re{𝑟}

-0.8 -0.4 0 0.4

0.8

0.4

0

-0.4

-0.8
𝐸𝐹

|r|=0.2
|r|=0.4
|r|=0.6
Metaatom 1
Metaatom 2

Im
{𝑟
}

ACS Nano, In press.

Metamolecule

• Metamolecule = Metaatom1 + Metaatom2

• Independent active modulation of phase (360°) and amplitude   
(0 - 0.55) by controlling 𝐸𝐹1 and 𝐸𝐹2 (0 - 1 eV)
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Re{𝑟}
-0.8 0.8-0.4 0 0.4

0.8

Im
{𝑟
}

0.4

0

-0.4

-0.8

𝑟-plane

|r|=0

ϕ =0

Reflected Re{𝐻𝑦/𝐻0}

ϕ =-π

|𝑟|=0.5

Complex Amplitude Modulation

• Red curve: phase modulation (constant amplitude)

• Blue curve: amplitude modulation (constant phase)

-3π/5 -π/5 π/5 3π/5

4 μm

0.1 0.2 0.3

0.5

-0.5
0.4

0

4 μm

ACS Nano, In press. 26



Complex Amplitude Modulation
Metamolecule

𝐸
𝐹
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Complex reflectivity Amplitude on 
𝐸𝐹1 and 𝐸𝐹2 surface

Phase on 
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ACS Nano, In press.
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Re{𝑟}
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ACS Nano, In press.

Fabrication Feasibility
Metamolecule
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Metaatom 1 Metaatom 2

Metamolecule

|𝑟|exp(𝑖𝜙)

𝑋

𝐸𝐹 (eV)

𝑋 vs 𝐸𝐹

• Optical responses of metasurface are usually Lorentzian.

• In complex plane, Lorentzian lineshape is drawn as an arc.

Lorentzian Responses
Analysis of the metasurface

Im
{𝑋
}

Re{𝑋}

Complex plane

𝐸𝐹
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Re{𝑟}

-0.8 -0.4 0 0.4
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Im
{𝑟
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0.8
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|r|=0.8

r coverage

1 Relation between Metamolecule & Metaatom 2 Metaatom optimization

Metamolecule
(𝒑𝟏, 𝒑𝟐, 𝒈𝟏, 𝒈𝟐, 𝒘𝟏, 𝒘𝟐)

Metaatom 1
(𝒑𝟏, 𝒈𝟏, 𝒘𝟏)

Metaatom 2
(𝒑𝟐, 𝒈𝟐, 𝒘𝟐)

1

1

should...

have a large coverage area

have a large inscribed circle
centered at (0,0)

Design GOAL

Metaatom 1
Metaatom 2

Metamolecule Design
Analysis of the metasurface

Metamolecule
(𝒑𝟏, 𝒑𝟐, 𝒈𝟏, 𝒈𝟐, 𝒘𝟏, 𝒘𝟐)

1’

1’Metaatom 1
(𝒑𝟏, 𝒈𝟏, 𝒘𝟏)

Metaatom 2
(𝒑𝟐, 𝒈𝟐, 𝒘𝟐)

2
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• A relation between metaatoms and the metamolecule is 
not intuitive on a reflectivity plane.

1 Relation between Metamolecule & Metaatom

Metamolecule Design
Analysis of the metasurface
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𝑟 = −
෨𝑌S,𝑡𝑜𝑡 + ෨𝑌sub − 1

෨𝑌S,𝑡𝑜𝑡 + ෨𝑌sub + 1
Metaatom 1 Metaatom 2 |𝑟|exp(𝑖𝜙)

p1 p2

Substrate

෨𝑌𝑆,𝑡𝑜𝑡

෨𝑌sub

Metasurface

• Multiscale structure can be modelled as a stack of 
effective admittances.

• Arcs on 𝑟-plane are mapped to arcs on admittance plane.

“Admittance” model Mapping from 𝒓 to admittance (෩𝒀𝐒)

0 4 8 122 6 10

Re{ ෨𝑌S}

2

Im
{
෨ 𝑌 S
}

0

-2

-4

-6

-8

-10

෨𝑌S-plane

-0.8 0.8-0.4 0 0.4

Re{𝑟}

0.8

Im
{𝑟
}

0.4

0

-0.4

-0.8 𝐸𝐹

𝐸𝐹
𝑟-plane

1 Relation between Metamolecule & Metaatom

Metamolecule Design
Analysis of the metasurface
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෨𝑌S,𝑡𝑜𝑡( ෨𝑌S1, ෨𝑌S2) =
𝑝1 ෨𝑌S1

−1 + 𝑝2 ෨𝑌S2
−1

𝑝1 + 𝑝2

−1

-0.8 0.8-0.4 0 0.4
Re{𝑟}

0.8

Im
{𝑟
}

0.4

0

-0.4

-0.8

• In ෨𝑌𝑆 plane, 

෨𝑌𝑆1 ෨𝑌𝑆2

𝐸𝐹

Metaatom 1 Metaatom 2 |𝑟|exp(𝑖𝜙)

p1 p2 ෨𝑌S,𝑡𝑜𝑡Metasurface

𝑟 𝑟1, 𝑟2 = ?

• In 𝑟 plane, 

𝑟-plane

1 Relation between Metamolecule & Metaatom

Metamolecule Design
Analysis of the metasurface

Re{ ෨𝑌S}
0 4 8 122 6 10
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-4

-6

-8

-10

෨𝑌S-plane𝐸𝐹

෨𝑌S1(𝑝, 𝑔, 𝑤) ෨𝑌S2(𝑝, 𝑔, 𝑤)

Im
{
෨ 𝑌 S
}
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Metaatom 1
Metaatom 2

Reconstructed

−Im ෨𝑌sub = 0.5 Im ෨𝑌s,∞

−Im ෨𝑌sub = 1.5 Im ෨𝑌s,∞

Re{ ෨𝑌S}
0 4 10 12

−Im ෨𝑌sub = Im ෨𝑌s,∞

862

2

Im
{
෨ 𝑌 S
}

0

-2

-4

-6

-8

-10

• Imaginary admittance of 
substrate should cancel out 
that of metaatom.

2 Metaatom optimization

Metamolecule Design
Analysis of the metasurface
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𝑝

𝑔
෨𝑌GPR

෨𝑌metal

෨𝑌S = ෨𝑌metal(𝑝, 𝑔) +
𝑝

𝑔
෨𝑌GPR(𝐸𝐹)

2 Metaatom optimization

Metamolecule Design
Analysis of the metasurface

Re{ ෨𝑌S}
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Re{ ෨𝑌S}
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{
෨ 𝑌 S
}

0
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-6

-8

-10

-4

895 nm
1,095 nm
1,295 nm

Metal gap (𝒈)=90 nm
Pitch (𝒑)

80 nm
90 nm
100 nm

Pitch (𝒑)=1,295 nm
Metal gap (𝒈)

𝒑↑
→ more capacitive
→ −𝑖𝜔𝐶 ↑
→ downward

𝒈↑
→ less capacitive
→ −𝑖𝜔𝐶 ↓
→ upward

Re{ ෨𝑌S}
0 4 10 12

−𝐈𝐦 ෩𝒀𝐬𝐮𝐛 = 𝐈𝐦 ෩𝒀𝐬,∞

862

2

Im
{
෨ 𝑌 S
}

0

-2

-4

-6

-8

-10

( ෨𝑌S,𝑥 , ෨𝑌S,𝑦)
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Im
{
෨ 𝑌 S
}

Pitch (um)

gap (nm)

𝑝

𝑔
෨𝑌GPR

෨𝑌metal

෨𝑌S = ෨𝑌metal(𝑝, 𝑔) +
𝑝

𝑔
෨𝑌GPR(𝐸𝐹)

Metaatom

(𝒑, 𝒈) 𝒘

(985,60)

?
(1096,70)

(1159,80)

(1295,90)

⋮

2 Metaatom optimization

Re{ ෨𝑌S}
0 4 10 12

−𝐈𝐦 ෩𝒀𝐬𝐮𝐛 = 𝐈𝐦 ෩𝒀𝐬,∞

862
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Im
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෨ 𝑌 S
}

0

-2

-4

-6

-8

-10

( ෨𝑌S,𝑥 , ෨𝑌S,𝑦)

Metamolecule Design
Analysis of the metasurface
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0 4 10 12

−𝐈𝐦 ෩𝒀𝐬𝐮𝐛 = 𝐈𝐦 ෩𝒀𝐬,∞
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𝜃

𝐸𝐹

Re{ ෨𝑌S}

𝑝

𝑔
෨𝑌GPR

෨𝑌metal

෨𝑌S = ෨𝑌metal(𝑝, 𝑔) +
𝑝

𝑔
෨𝑌GPR(𝐸𝐹)

40 nm
45 nm
50 nm

Ribbon width (w)

𝜃 ↓ → 𝐸𝐹,𝑝𝑒𝑎𝑘 ↓ → 𝑤 ↓

Metaatom

(𝒑, 𝒈) 𝒘

(985,60)

𝑔/2 +     
(-10:5:10) 

(1096,70)

(1159,80)

(1295,90)

⋮

2 Metaatom optimization

Metamolecule Design
Analysis of the metasurface

𝐸𝐹 (eV)
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Metaatom 1

(𝒑, 𝒈) 𝒘

(985,60)

𝑔/2 +     
(-10:5:10) 

(1096,70)

(1159,80)

(1295,90)

⋮

Metaatom

(𝒑, 𝒈) 𝒘

(1096,60)

𝑔/2 +     
(-10:5:10) 

(1162,70)

(1217,80)

(1264,90)

⋮

Metaatom 2

(𝒑, 𝒈) 𝒘

(985,60)

𝑔/2 +     
(-10:5:10) 

(1096,70)

(1159,80)

(1295,90)

⋮

×

Metamolecule

Metamolecule Design
Analysis of the metasurface

unit: nm
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෨𝑌S,𝑡𝑜𝑡( ෨𝑌S1, ෨𝑌S2) =
𝑝1 ෨𝑌S1

−1 + 𝑝2 ෨𝑌S2
−1

𝑝1 + 𝑝2

−1



(|𝑟3|, 𝜙3) (|𝑟4|, 𝜙4)(|𝑟2|, 𝜙2)(|𝑟1|, 𝜙1) (|𝑟5|, 𝜙5)

Metamolecule

Point source

Point source

𝜃r=20.9° 𝜃r=45.5° 𝜃r=72.0°

0.5

-0.5

Reflected Re{𝐻𝑦/𝐻0}

0

Science. 334, 6054 (2011) 

• Scattered wavefront can be extremely tilted up to 72.0°.

ACS Nano, In press.

5 μm

Beam Steering
Wavefront shaping
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Future Works

• Polarization independent modulation

• Dispersionless modulation

• Fabrication considering breakdown

Doped Si

Au

Au V1 V2

Al2O3
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Summary
Metamolecule1

0.5

-0.5

Reflected Re{𝐻𝑦/𝐻0}|𝑟|=0.5

𝜙 =0

0

-0.8 0.8-0.4 0 0.4

Re(r)

0.8

Im
(r

)

0.4

0

-0.4

-0.8

r-plane Independent tuning
enabling the independent 
tuning of amplitude/phase.

Complex amplitude 
modulation

2 Wavefront shaping3Analysis of the metasurface

FWHM=0.36 λ0

FWHM=0.77 λ0

Admittance model Beam steering Beam focusingMetamolecule design 44


