
2. Properties of Graphene

Two-dimensional materials and applications



Overview of Graphene

Graphene

Electrical

Mechanical

• Stiffness
• Strength
• Toughness

• Mobility
• Resistivity
• Doping level

• Wettability
• Defects
• Graphene derivatives

• Thermal conductivity
• Heat dissipation

• Bio sensor
• DNA sequencing

• Transmittance
• Plasmonics
• Quantum dots



Properties of Graphene



Electronic Structure of Graphene

Linear dispersion Ambipolar conductance

eh

Band structure of grapheneCrystal structure of graphene

Bandgap opening in bilayer graphene



Electrical Transport in Graphene
Carrier mobility 
15,000 cm2V−1s−1 to 200,000 cm2V−1s−1

at a carrier density of 1012 cm−2 and at room temperature

Resistivity 
10−6 Ω•cm ( < resistivity of silver)

A. K. Geim and K. S. Novoselov. Nature Mater. (2007)
J.H. Chen, et al. Nature Nanotechnol. (2008)

Measurement of carrier mobility

Vg induces surface charge density () 

at specific 
 =  
 = 
 = 1

1  : permittivity of SiO2 : thickness of SiO2 : electron charge

Slope

=  /

Field effect mobility  = 1  = 1  1/
2

Hall mobility 

 = 1 = 
Hall coefficient () = 

3

 = 



Hal bar and error



electrical resistivity (ρ)

R : electrical resistance of a uniform specimen of the material (measured in Ω)
l : length of the piece of material (measured in m)
A : cross-sectional area of the specimen (measured in m2).

Resistivity (ρ) has SI units of Ω⋅m or Ω⋅cm.

Conductivity has SI units of S/m.

If the film thickness is known, the bulk resistivity (in Ω⋅cm) can be 
calculated by multiplying the sheet resistance by the film thickness 
in cm. Sheet resistance has SI units of                    .

Conductivity (σ)

Sheet resistance (Rs)



Fundamentals of 2D field-effect transistors
Top-gate

(local gate)
Bottom-gate
(global gate) Dual gates

MOSFET Tap Common features

Electron Water The substance which flows

Source Where electron(water) comes from

Drain Where electron(water) comes out

Vds
Pressure of 

water Driving force, Always applied

Vg Valve Switching, Variable,
ex) n-type FET: turn off at Vg < 0, turn on at Vg > 0 

water tap



A. Kis et al. Nature Nanotechnol. (2011)

 =   = 1  = 1  1/ =    1

S D



Two-probe measurement



 : permittivity of SiO2 : thickness of SiO2: drain current: source-drain voltage

74mV

Ohmic 
contact



S D

Rcontact

Rchannel
Rcontact

Effect of contact resistance

Rtotal =	2Rcontact +	Rchannel

Rtotal =	Vd /	Id

If	Rcontact <<	Rchannel ,	Rchannel ~	Vd /	Id

If	Rcontact >	Rchannel ,	Rcontact ~	Vd /	Id				when	L	=	0

Because	Rchannel =	Rsheet x	(L	/	W)

Transmission Line Method / Transfer Length Method (TLM) 

 =   + 2 
LT :	transfer	length	or	effective	contact	length

(For	validity	of	TLM,	LT <<	LC)

 = 2 
2





Nat. Nanotechnol. 6, 179 (2011)

n = a × (VG-VDirac)

For 300 nm SiO2 ;

a = 7.2 × 1010 (cm-2V-2) 

TLM device of graphene 

 = 



Improving RC

Prog. Surf. Sci. 92, 143-175 (2017)



2D Mater. 3 025013 (2016)

PRL 101, 026803 (2008)



Formation of “Good” Contacts
Metal types

2D Mater. 5, 025014 (2018)

Edge contacts

Science 342, 614 (2013)

1.26~1.44 Å

§ Short distance of metal and interfacial atom (O) induces 
overlapped orbitals, which promote transport of charges 
at contacts



Formation of “Good” Contacts

Acs Nano 7, 3661–3667 (2013)

Combination of edge & top contacts

Adv. Mater. Interfaces 1801285 (2018)

Laser nano-welding

ACS Nano 10, 1, 1042-1049 (2016)



J.Y. Son, J.Y. Kwon, G.H. Lee,* A. van der Zande* Nature Communications 9, 3988 (2018)

Fluorinated Graphene Contacts

• Selective etching with atomic precision
• Atomic scale etch masks and etch stops

Graphene etch mask and etch stop
XeF2

1
3

2

4



J.Y. Son, J.Y. Kwon, G.H. Lee,* A. van der Zande* Nature Communications 9, 3988 (2018)

Fluorinated Graphene Contacts

1
3

2

4

q Graphene can be used as etch masks and etch stops.
q hBN under graphene remains unchanged.
q FG is impermeable to gases.



hBN-encapsulated GEFT with via contacts

gasFabrication process

J.Y. Son, J.Y. Kwon, G.H. Lee,* A. van der Zande* Nature Communications 9, 3988 (2018)

Fluorinated Graphene Contacts



Low-T measurement

TLM method Reliability at low T Carrier mobility

80 Ω㎛

460,000 cm2V-1s-1

at 1.7K and n = -1.5 x 1012 cm-2

40,000 cm2V-1s-1

at 300K and n = 4 x 1012 cm-2

q One-step process for formation of 
via contacts

q High performance of graphene 
device with via contacts 

q Rc ~ 80 Ω㎛ and μ = 40,000 cm2/Vs 
at RT

q High stability and reliability of via 
contacts

J.Y. Son, J.Y. Kwon, G.H. Lee,* A. van der Zande* Nature Communications 9, 3988 (2018)

Fluorinated Graphene Contacts



Simulation of charge transfer at interface of metal and graphene

q Charge transfer is more efficient in FG via contacts due to 
smaller spacing of C-F-Cr and C-F-Pd.

q Contact resistance is reversely proportional to channel width 
of graphene. 

q Charge injection of FG via contact is dominant at the edge of 
graphene-FG interface.

Contact resistance ∝ 1 / (channel 
width)

J.Y. Son, J.Y. Kwon, G.H. Lee,* A. van der Zande* Nature Communications 9, 3988 (2018)

Fluorinated Graphene Contacts



Multi-stacked GFETs

One-step fabrication process

3D-integrated Graphene Devices

J.Y. Son, J.Y. Kwon, G.H. Lee,* A. van der Zande* Nature Communications 9, 3988 (2018)



Y. Shin, J.Y. Kwon, G.H. Lee* Small (2022)

Step-by-step fabrication process of via contactGraphene via contact architecture

Electrical measurements and TEM analysis

Graphene Via Contact Architecture



hBN-encapsulated TMD-FET with via contacts

Graphene Via Contact Architecture

Vertically integrated CMOS inverter with FG, 1E/FG via contacts

Y. Shin, J.Y. Kwon, G.H. Lee* Small (2022)



Carrier mobility 
: How quickly an electron or hole can move through a metal or semiconductor, when pulled by an electric field.

Drift velocity in an electric field

: magnitude of the electric field applied to a material
: magnitude of the electron drift velocity caused by the electric field
: electron mobility

Conductivity

: number densities of electrons and holes
: mobilities of electron and hole

&
&

Boltzmann transport equation

Scattering 
Mechanisms

Defect

Alloy

Ionized impurities
(charged)

Surface roughness

Carrier-Carrier Lattice

Acoustic phonon

optical phonon



By doping (substitution of impurities)

long-range scattering is more dominant.
Increased doping reduces mobility.
(smaller slope)

S. Adam et al. Physica E (2008); J. -H. Chen et al. New J. Phys. (2008)

Scattering Mechanism in Graphene

screening effect

At small Vg
short range scattering dominates.
slope of linear curve proportional to carrier mobility 
(high k → reduced short range scattering)

At high Vg
long range scattering dominates.
constant conductivity (as n increases, μ decreases.)
(high k → increased long range scattering)

(1) Short-range scattering
: Lattice defect ~ constant

(2) Long-range scattering
: Scattering form ripple, charged impurity
(depending on carrier density)

μh > μe

Effect of doping on μe is bigger 
than that on μh



Transport and scattering mechanism for 2D materials

• Acoustic & optical phonon scattering
• Coulomb scattering (ionized impurities)
• Surface interface phonon scattering
• Roughness scattering

Matthiessen’s rule

• The temperature dependencies of these scattering mechanism can be determined by  ~ .
• At lower temperatures, ionized impurity scattering dominates, while at higher temperatures, 

phonon scattering dominates.

F. Xia et al. Nature Nanotechnol. (2011)
S. Kim et al. Nature Commun. (2012)

Temperature dependency of carrier mobility in 2D materials



Doping issue in 2D Materials

For highly conductive graphene, doping 
is required. However, doping induces 
degradation in mobility.

Doping of graphene by charge transfer Remote doping of TMDs



R. R. Nair et al. Science (2008)
C. M. Weber et al. Small (2009)

Transparency of Graphene

The opacity of suspended graphene is defined solely by the fine
structure constant, a = e2/hc = 1/137 (where c is the speed of
light), the parameter that describes coupling between light and
relativistic electrons and that is traditionally associated with
quantum electrodynamics rather than materials science.
Despite being only one atom thick, graphene is found to absorb
a significant (pa = 2.3%) fraction of incident white light, a
consequence of graphene's unique electronic structure.

(24 nm)
(8 nm)



Interband Absorption in Graphene

K. F. Mak Solid State Commun. 152, 1341-1349 (2012)

Tunable absorption by doping

Vg−VCNP

−0.75 V
−1.75 V −2.75 V

−3.5 V

Almost no frequency dependence 
in interband absorption



H. Sun et al. Mater. Today (2013)

Optical Properties of Graphene
Graphene quantum dots

Fabrication

Top-down method
: nanolithography, acidic oxidation, hydrothermal, etc.

Bottom-up method
: stepwise solution chemistry, microwave-assisted, etc.

GQD size
: 3-20nm (<5L)

Shape
: circular, elliptical, triangular, quadrate, hexagonal

Surface group
: Modification of optical structure



Graphene Quantum Dots (GQDs)

• PL control of GQDs by adjusting size and adding functional groups at edges.

S. H. Jin et al. ACS Nano (2013)



Mechanical Properties of Graphene

Measurement of stiffness and strength of graphene

-Exfoliated from graphite
-Perfect crystal
-No Defect

AFM and Nanoindenter

C. Lee et al. Science (2008)

E=340 N m-1 (E3D = 1 TPa)
σ=42 N m-1 (σ3D = 130 GPa)



Mechanical Properties of Graphene Grain Boundary
Structure of CVD Graphene

Stitched multi-grains

Grain boundary
P. Y. Huang et al, Nature (2011)

Strength Measurement of Grain Boundary 

15% of pristine

1% of pristine

R. Grantab et al, Science (2010) C. S. Ruiz-Vargas et al. Nano Lett (2011)



- Pressure: 300 mTorr 
- Flow rate: 35 sccm methane 
- Directly exposed on copper foil
→ multi-grain graphene with 1-5μm size

- Pressure: <50 mTorr 
- Flow rate: 1 sccm Methane
- Enclosed copper foil (by Ruoff group)
→ single-grain graphene with 100-150μm

Small Grain Graphene (SG) Large Grain Graphene (LG)

G.H. Lee, J. Hone Science (2013)

Growth Control of Graphene 



Dry Transfer Process

To minimize damage of graphene

1. Use of ammonium persulfate
2. No annealing process

G.H. Lee, J. Hone Science (2013)

Sample Preparation for Nano-indentation



3μm

1μm 1μm

AFM and Nanoindenter

G.H. Lee, J. Hone Science (2013)

Nano-indentation



G.H. Lee, J. Hone Science (2013)

Statistical Analyses of Mechanical Properties
Elastic Stiffness

Fracture Load
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Stress vs. Load Stress vs. Strain

Large-grain graphene sheet without grain boundaries is as strong as pristine graphene. Furthermore, 
polycrystalline graphene with grain boundaries can also act as a large-area ultrastrong material.

4.2%

Strain energy density as a Taylor series in powers of strain

F= 1
2!
C ijklhijhkl +

1
3!
C ijklmnhijhklhmn +

1
4!
C ijklmnophijhklhmnhop +

1
5!
C ijklmnopqrhijhklhmnhophqrL

Second Piola-Kirchhoff Stress

Sij =
¶F
¶hij

=C ijklhkl +
1
2!
C ijklmnhklhmn +

1
3!
C ijklmnophklhmnhop +

1
4!
C ijklmnopqrhklhmnhophqrL

5th-order non-linear continuum formulation fit to DFT calculations
Finite element method (FEM)

X. Wei et al. Phys. Rev. B (2009)

G.H. Lee, J. Hone Science (2013)

15%

Non-Linear Elasticity of Graphene 



Direct Indentation on Grain Boundary

After indentation

G.H. Lee, J. Hone Science (2013)

Simulation

Realistic

Strength of Grain Boundary



Is Graphene Practically Strong?

>

<

In real world

In nano world

Grain boundary

Graphene

Silica particles



Impact 
speed

Residu
al 

speed

μ-bullet
(Silica)

Multilayer
graphene

Laser

Gold/PDMS

J. H. Lee et al. Science (2014)

Ep :	penetration	energy
Eair :	energy	loss	due	to	air	drag

Graphene has 8~12 times higher specific penetration energy than steel.

Graphene Bulletproof vest



Mechanical Properties of Graphene

T. Cui et al. Nature Materials (2020)

Fatigue test

Nature Comm. 11, 284 (2020) 

Elastic straining test



Diamene

Nature Nanotechnology 15, 59–66 (2020)

Nanotechnology 13 (2), 133–138. (2017)



Chemical and Bio Properties of Graphene
3D structure

Nature Nanotechnology 14, 107–119 (2019)



Chemical and Bio Properties of Graphene
Bio application

Nano Today 26, 57–97 (2019)



Chemical and Bio Properties of Graphene
Bio-favorable substrate

Communications Chemistry 3, 8 (2020) 

3D printing

Nano Today 26, 57–97 (2019)


