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Intro: Why Mid-Infrared? 
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• Thermal emission (T < 1000°C):

thermal imaging, thermal management,

military applications

• Atmospheric window

telecommunication, telescope, 

imaging

• Spectroscopy:

Molecular vibrations in the 

fingerprint region between 

6-15 μm is a powerful 

characterization method www.daylightsolutions.com



Intro: Conventional Technique
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Raman Spectroscopy FTIR Spectroscopy

www.bioopticsworld.com

• Visible-molecular interaction

• Non-linear

• Mid IR-molecular interaction

Too bulky measurement setup



Intro: Miniaturization of Bulky Spectroscopy
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On-chip platform using active metasurface



Previous Study: Passive Optical Devices

5A Tittl et al , Science (2018) O Limaj et al , Nano letters (2016)

Passive IR Filter Molecular Sensor



Real-time control through electrostatic gating

Graphene: Tunable Infrared Material
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Imaginary part of optical conductivity

ZQ Li et al,  Nature (2008)

Real part of optical conductivity

Excellent electrical & optical properties

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

Graphene

Exotic optical 
properties

High strength
High thermal 
conductivity



Graphene: On-chip active IR Filter
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• Active metasurface + Mid IR spectroscopy

• Resonance control through gate bias

→ On-chip active filter
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Graphene: Active Device Applications
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Hai Hu et al.,  Nature Commun.(2016)MS Jang et al.,  Physical Review A (2018)

D.N. Basov et al., Science.(2018) Fengnian Xia et al.,  Nature Nanotech.(2008)



Research Objective
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• Develop a measurement platform for active mid-IR devices based 
on graphene

• Design & analyze active metasurface that can control mid-IR 
transmission

Design transmission type high efficiency tunable nano-filter 
without graphene patterning



Develop Measurement Platform for 
Active Mid-IR Devices based on Graphene



Electrical Characterization: Measurement Setup
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VG

VDS



Electrical Characterization: Transport
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I-V characteristic

EF = 0EF < 0

e

EF > 0

e

• Fermi level : 0 - 0.55 eV
• Carrier density : 0 - 2.16×1013 cm−2

• Carrier mobility: 700 - 1200 cm2/Vs



Limitation on Pristine Graphene

13ZQ Li,  Nature (2008)



Graphene Nanoresonators: Fabrication
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Si Substrate Oxidation Back gate contact

Source/Drain
electrodes 

Graphene wet transfer Graphene patterning



Graphene Nanoresonators: SEM image
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Ribbon width: 50 nm

Ribbon width: 100 nm

200nm 200nm

200nm

Ribbon width: 80 nm

49.6 nm

50.8 nm 79.1 nm

74.4 nm

107.5 nm

100.4 nm
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Optical Characterization: Measurement Setup

VDS

VG

SiO2

Si

To Detector

From FTIR

200nm



Optical Characterization: Measurement Setup
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Optical Characterization: Transmission Modulation
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Transmission Normalized Extinction

Ribbon Width: 80 nm

1 −
𝑇

𝑇CNP
Normalized Extinction: 
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𝐸F = 0.45eV W = 80nm

W = 100nm

80nm

70nm

60nm

50nm

EF = 0.55eV

0.50eV

0.45eV

0.39eV

0.23eV

Width dependence Fermi level dependence

GPSPPP
SPPP GP

Optical Characterization: Transmission Modulation
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𝜙𝜙

• Fabry-perot mode of plasmons bound in graphene nanoresonators

IR light

Graphene ribbon

Plasmonic Resonance in Graphene

W

𝑘𝑝 =
𝑖 ҧ𝜀𝜔𝑝

2𝜋𝜎(𝜔𝑝)

2Re 𝑘𝑝 𝑊 + 2𝜙 = 2𝜋

𝜔p𝑊

2𝜋
Im −

ҧ𝜀(𝜔𝑝)

𝜎 𝜔𝑝

= 𝜋 − 𝜙

ҧ𝜀 𝜔p =
1 + 𝜀SiO2 𝜔𝑝

2



Plasmonic Resonance in Graphene
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Width dependence Fermi-level dependence

Air

SiO2

0.5eV CNP

𝐸𝐹 = 0.45eV 𝑊 = 100nm

Air

SiO2

|𝐸x/𝐸0| |𝐸x/𝐸0|

Absorption (%)
9.0

7.2

5.4

3.6

1.8

0



Plasmonic Resonance in Graphene
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Simulation

Measurement

Resonance Frequency Comparison



Previous Graphene Plasmonic Modulators
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• Reflection type

• Transmission type

SY Kim et al,  Nano Lett (2018)

SY Kim et al,  Nat Commun (2016)

MS Jang et al,  PRB (2014)Yu Yao et al,  Nano letters (2013)



Design & Analyze Active Metasurface
that can Control Mid-IR Transmission



Motivation
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Si

Graphene

Noble Metal ResonatorTunable Graphene

SiO2

VG

Si

Metal

SiO2
Graphene

Out

In



Structure: Metal Resonance
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50 40 30 20 10 0
T (%)

Si

Au

SiO2 Gap

Period

Height

(g, h) = (50,10) nm (P, h) = (3000,10) nm (P, g) = (3000,50) nm
37 30 23 16 9 0

T (%)
32 26 20 14 8 0

T (%)



Effective Surface Admittance: Circuit Analysis
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Equation Expression

Gap Capacitance [F/m]

Coplanar Capacitance [F/m]

Gap Magnetic Inductance [H×m]

Kinetic Inductance [H×m]

𝜖0
ℎ

𝑔

2𝜖0𝜖eff
𝜋

ln
𝑃

𝑔

𝜇0ℎ𝑔

𝑃 − 𝑔

𝜖0𝛿 1 − 𝜖metal 𝜔
2

𝑪𝒈

𝑪𝒄

𝑳𝒎

𝑳𝒌

Si

SiO2

𝐿𝑘 𝐿𝑚

𝐶𝑐

𝐶𝑔

Si

SiO2
𝑌metal



Metal only structure: Period Dependence
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• 𝜔res =
1

(𝐿𝑚 + 𝐿𝑘)(𝐶𝑐 + 𝐶𝑔)

• Period ↓

Equation

𝜖0
ℎ

𝑔

2𝜖0𝜖eff
𝜋

ln
𝑃

𝑔

𝜇0ℎ𝑔

𝑃 − 𝑔

𝜖0𝛿 1 − 𝜖metal 𝜔
2

𝑪𝒈

𝑪𝒄

𝑳𝒎

𝑳𝒌

→ 𝐿, 𝐶 ↓ → 𝜔res ↑

→ intensity ↑

50 40 30 20 10 0
T (%)

37 30 23 16 9 0
T (%)

32 26 20 14 8 0
T (%)



Metal only structure: Gap Dependence
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Equation

𝜖0
ℎ

𝑔

2𝜖0𝜖eff
𝜋

ln
𝑃

𝑔

𝜇0ℎ𝑔

𝑃 − 𝑔

𝜖0𝛿 1 − 𝜖metal 𝜔
2

𝑪𝒈

𝑪𝒄

𝑳𝒎

𝑳𝒌

50 40 30 20 10 0
T (%)

37 30 23 16 9 0
T (%)

32 26 20 14 8 0
T (%)

• Gap ↑

→ 𝐿, 𝐶 ↓ → 𝜔res ↑

→ intensity ↑

(𝐿𝑚 ≪ 𝐿𝑘)

• 𝜔res =
1

(𝐿𝑚 + 𝐿𝑘)(𝐶𝑐 + 𝐶𝑔)



Metal only structure: Height Dependence
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Equation

𝜖0
ℎ

𝑔

2𝜖0𝜖eff
𝜋

ln
𝑃

𝑔

𝜇0ℎ𝑔

𝑃 − 𝑔

𝜖0𝛿 1 − 𝜖metal 𝜔
2

𝑪𝒈

𝑪𝒄

𝑳𝒎

𝑳𝒌

50 40 30 20 10 0
T (%)

37 30 23 16 9 0
T (%)

32 26 20 14 8 0
T (%)

• Height ↓ → ቊ
C ↓→ 𝜔res ↑ (h > 𝛿 )

L ↑→ 𝜔res ↓ (ℎ < 𝛿)

(𝛿 → ℎ in 𝐿𝑘)

• 𝜔res =
1

(𝐿𝑚 + 𝐿𝑘)(𝐶𝑐 + 𝐶𝑔)

Au skin depth

𝑃 − 𝑔

𝜖0ℎ 1 − 𝜖metal 𝜔
2



Analytic Circuit model

Metal only structure: Transmission Model
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Full-wave simulation
50 40 30 20 10 0

T (%)
37 30 23 16 9 0

T (%)
32 26 20 14 8 0

T (%)

Au skin 
depth

Au skin 
depth



With Graphene: Operating Principle
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• Graphene sheet conductivity

–

–

𝒁𝐆𝐫

𝐂𝐠

𝐂𝐂

𝐋𝐤𝐋𝐦

20nm
20nm

Metal only structure With Graphene

𝑌Gr =
𝑃

𝑔
× 𝜎Gr

෨𝑌s =
1

𝑌0

−𝑖𝜔(𝐿𝑚 + 𝐿𝑘)

𝑃
+

1

−𝑖𝜔𝑃 𝐶𝑐 + 𝐶𝑔 + 𝑃/𝑔 × 𝜎Gr

−1

20nm

45

22.5

0

|E/E0|

20nm

54.3

27.2

0
|E/E0|



With Graphene: Parametric Tendency
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650

520

390

260

130

0

∆T/TCNP (%)

T

Au skin 
depth

Normalized Extinction at 0.5eV (∆T/TCNP)

Transmission without graphene 

Au skin 
depth



Au: 50nm Gap Size
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𝐌𝐚𝐭𝐞𝐫𝐢𝐚𝐥 P g h max(∆T/TCNP) 𝝎𝒑

Au 3500 nm 50 nm 10 nm 641.3 39.8 THz

650

(∆T/TCNP)max (%)

590

530

470

410

350



Au: Optimized Structure
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Material P g h max(∆T/TCNP) 𝝎𝒑

Au 3500 nm 50 nm 10 nm 641.3 39.8 THz

(P, g, h) = (3500nm, 50nm, 10nm)



Small 𝜖 Metal: Ti
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• To increase Lk component 

→ small h or small |𝜖|metal
𝐿𝑘 =

𝑃 − 𝑔

𝜖0ℎ 1 − 𝜖metal 𝜔
2



Ti: 50nm Gap Size
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𝐌𝐚𝐭𝐞𝐫𝐢𝐚𝐥 P g h max(∆T/TCNP) 𝝎𝒑

Ti 2800 nm 50 nm 50 nm 733.9 38.6 THz

750

(∆T/TCNP)max (%)

690

630

570

510

450



Ti: Optimized Structure
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Material P g h max(∆T/TCNP) 𝝎𝒑

Ti 2800 nm 50 nm 50 nm 733.9 38.6 THz

(P, g, h) = (2800nm, 50nm, 50nm)



Au vs Ti: Optimal Point Comparison
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Au Ti

vs

Material P g h max(∆T/TCNP) 𝝎𝒑

Au 3500 nm 50 nm 10 nm 641.3 39.8THz

Ti 2800 nm 50 nm 50 nm 733.9 38.6THz



Fabrication: Procedure
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Graphene 
transfer

PMMA coating E-beam patterning

Metal deposition Lift-off



Fabrication: Proximity Effect
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center

Uniform dose

Proximity effect 
Correction

130

70

100

Dose (%)

130

70

100

Dose (%)



Fabrication: Dose Test
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• Dose split – Period 2800 nm, gap 50 nm 

2.77 μm

94 nm

94 nm

2.80 μm

64 nm

64 nm

2.84 μm

69 nm

74 nm

2.81 μm

54 nm

59 nm

Dose : 700 µC/cm2 Dose : 750 µC/cm2

Dose : 800 µC/cm2 Dose : 850 µC/cm2



Future Work
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• Implement active nano-filter

– Solve current fabrication issues (Dose test, lift-off)

– Fabricate optimized structure device

– Measure IR response

– Compare simulation & measurement



Summary
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• Measurement platform for active mid-IR devices 

• Active IR filter

VG

Si

Ti

SiO2 Graphene

VDS

VG

SiO2

Si

Width 
dependence

Fermi level 
dependence



Thank you for attention


