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Subjects and goals

2D materials – introduction and materials aspects
FETs with 2D materials – switching, contact resistance, trap states, applications in 
sensing and memories
Optoelectronics with 2D materials
Emerging, post-CMOS concepts: valleytronics, spintronics, excitonic devices

Implementation:
Lectures
Exercises
Lab demonstrations
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Introduction

Why semiconducting nanostructures for nanoelectronics

Historic overview
• Graphene 
• Transition metal dichalcogenides and 2D materials

Material growth
• CVD
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Gordon Moore, co-founder of Intel stated in 1965:
“The number of transistors that can be 
inexpensively placed on an integrated circuit 
is increasing exponentially, doubling 
approximately every two years”

http://nobelprize.org/nobel_prizes/physics/laureates/20
00/phyadv.pdf

Moore’s Law
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http://nobelprize.org/nobel_prizes/physics/laureates/2000/phyadv.pdf


Dissipated Heat

Processor coolers 20 years ago and now
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Dissipated Heat

Frying eggs on processors

http://www.phys.ncku.edu.tw/~htsu/humor/fry_egg.html 6

http://www.phys.ncku.edu.tw/%7Ehtsu/humor/fry_egg.html


Melting-butter Benchmark

Source: Android andMe.com

7



MOSFET

Metal–oxide–semiconductor field-effect transistor (MOSFET)

Approaching atomistic limits

Channel length in Intel processors: 14 nm 2014
10 nm 2017
7 nm 2018?
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Why Heat Dissipation in Small Transistors?

Ferain et al., Nature 479, 310 (2011)
Colinge, Sol. State El. 48, 897 (2004)

ch
ox ch

ox

d dε
λ =

ε

Example:
2nm thin Si, 1nm SiO2: Lg>10nm 

ε(Si)=11.9

To deplete the channel: Lg at least 3−5× λ

Lg

Planar MOSFET – short channel effects; standby 
power dissipation
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FETs Based on Nanomaterials
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3D and 2D Materials

- Structure of 3D., 2S
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Graphite and Graphene
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Graphite and Graphene
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Graphite and Graphene
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Smalley group: http://smalley.rice.edu/

(Some) Carbon Nanostructures

Smalley group web site http://smalley.rice.edu/ 17



Dimensions in Geometry and Semiconductor Physics

Geometry
• Refers to the system size
• Planes (2D), lines (1D), dots (0D)

Semiconductor Physics
• Refers to the free motion of charge carriers
• Can be constrained due to quantum confinement
• Quantum wells (2D), quantum wires (1D), quantum dots (0D)
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Dimensions in Semiconductor Physics
3D

DOS

2D 1D 0D

∝ 𝐸𝐸 ∝ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐.
∝

1
𝐸𝐸

∝ 𝛿𝛿(𝐸𝐸)

assuming 𝐸𝐸 =
ℏ2𝑘𝑘2

2𝑚𝑚

→ Exercise session 1
19



2D Circuits

Example: Flip-flop circuit

Circuit diagram Graphene circuit

Areshkin et al., Nano Letters 7, 204 (2007)
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2D Materials: Wide Range of Geometries

3D
Crystal

2D
Nanolayer

1D
Nanoribbon

3D version 2.0
Heterostructure
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Heterostructures Based on 2D Materials

Lateral/vertical: Flash memory

Bertolazzi, Krasnozhon, Kis
ACS Nano (2013)

Vertical: FETs, solar cells

Britnell, Novoselov et al.
Science 340, 1311 (2013)
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Early Attempts

Ebbesen et al., Adv. Mater. 7, 582 (1995)

AFM image of a folded 
graphitic ribbon

Proposed device fabrication 
procedure

Pt or TiC
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Early Attempts
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First Devices: Geim and Novoselov

Novoselov et al., Science 306, 666 (2004)

Optical image of 
3 nm thick graphene 

film on SiO2

Schematic of the Hall
bar device 

SEM image of the 
graphene Hall bar 

device
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De  Heer Group: Epitaxial Graphene

Berger et al., J. Phys. Chem. B 108, 19912 (2004)
Berger et al., Science 312, 1191 (2006)

Diffraction pattern AFM image 
of the surface

Device

SiC C

heat

vacuum

Berger et al., J. Phys. Chem. B 108, 19912 (2004)
Berger et al., Science 312, 1191 (2006) 26



Kim Group: Mechanical Exfoliation

Zhang et al., Phys. Rev. Lett. 94, 176803 (2005)
Zhang et al., App. Phys. Lett. 86, 073104 (2005) 27



First Actual Measurements on Graphene
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Graphene FET Characteristics

Ambipolar behavior
Large current density – 108 A/cm2 

• Moser et al.; APL 91, 163513 (2007)
High mobility – 200 000 cm2/Vs
• Bolotin et al.; Sol. St. Comm. 146, 351 (2008)

Suppression of noise in double layers
• Lin and Avouris; Nano Letters 8, 2119 (2008)

Novoselov et al., Nature 438, 197 
(2005)
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source
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Graphene Band Structure

Dispersion relation:

No band gap!
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Graphene Has No Band Gap

Possible solutions

Hongjie Dai group: Science 319 1229 (2008)

Kim group: PRL 98, 206805 (2007) Avouris group: NanoLet 10, 715 (2010)

Max band gap: 400 meV for 5 nm

Bilayer Graphene

Zettl, Crommie, Wang: Nature 459, 820 (2009)

Max band gap: 250 meV for 120 V

Avouris group: Physica E 40, 228 (2007)

Nanoribbons
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2D Transition Metal Dichalcogenides (TMDCs)

Common formula: MX2

Metal M = Ta, Nb, Mo, W, Ti, Re 

Chalcogenide X = S, Se, Te

Electrical property Material

semiconducting MoS2 MoSe2 WS2 WSe2
MoTe2 WTe2

semimetallic TiS2 TiSe2

metallic, CDW, 
superconducting

NbSe2 NbS2 NbTe2

TaS2 TaSe2 TaTe2
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MoS2

Band gap: 1.2 eV (bulk); 1.8 eV direct (optical) gap (single layer)
Stability: > 1000 °C in inert atmosphere

no dangling bonds
Max J: 5×107 A/cm2 (copper: 105, graphene: 108)
Stiffness: 280 GPa (slightly higher than stainless steel)
Mech. failure: 6-11% strain (30x stronger than steel)
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0.65nm

Mo 
S MoS2 crystal

Kam et al., J. Phys. Chem. 86, 463 (1982)
Splendiani et al., Nano Let. 10, 1271 (2010)
Mak et al., PRL 105, 136805 (2010)
Bertolazzi et al., ACS Nano 5, 9703 (2011)
Lembke et al., ACS Nano 6, 10070 (2012)

Review papers:
Wang et al., Nature Nanotech. (2012)
Allain…Kis; Nature Mater. (2015)



Click to edit Master title styleMoS2

• General things about MoS2
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Frindt and Yoffe, Proc. Roy. Soc. A  (1963) Joensen et al., Mat. Res. Bull. 21, 457 (1986)

Novoselov et al., PNAS (2005)Podzorov et al. APL (2004)
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Prevailing Opinion at the Time
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ACS Nano 4, 6297 (2010)



Was the Mobility Really Supposed to Be low?
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Our First MoS2 Transistor (5 layers, 2009)
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Is
drain

source
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ON/OFF ~ 105

TMCN 2010, Rehovot, Israel 38
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Monolayer MoS2 Transistor

Radisavljevic…Kis, 
Nature Nanotechnology (2011)

Ion/Ioff ∼ 108

Gate length: 500 nm
Channel width: 4 µm

On/Off: 108

ON current: 2.5 µA/µm
OFF current: 25 fA/µm
Transconductance:  1 µS/µm
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Devices Based on Monolayer MoS2

MoS2 Transistor

Radisavljevic…Kis; Nature Nanotech. (2011) Radisavljevic…Kis; ACS Nano (2011)

MoS2 Inverter

MoS2/graphene Memory Cell

Bertolazzi…Kis; ACS Nano (2013)

0

Ultrasensitive Photodetector

Lopez-Sanchez…Kis; Nature Nanotech. (2013) 41



Structure

MX2
M =Transition metal
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Chhowalla…Zhang; Nature Chemistry (2013)
Radisavljevic…Kis; Nature Nanotech. (2011)

Kuc…Kis; MRS Bull. (2015) Eda…Chhowalla; ACS Nano (2012)

2H 1T
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Tip of the Iceberg

>500 potentially interesting 2D materials

Nicolosi…Coleman; Science (2013)

Transition metal oxidesTransition metal dihalidesMetal phosphorous 
trichalcogenides (MPX3)

Transition metal 
trichalcogenides
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Band Structure of 2H MoS2

Kuc…Heine; Physical Review B (2011)
Yazyev and Kis; Materials Today (2014)
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Charge Scattering Mechanisms

Scattering 
mechanisms

Intrinsic Extrinsic

Roughness Remote 
phonons Impurities

Impurities in 
the substrate

Fabrication 
residue Adsorbates

Phonons e- - e-

interaction Defects

Acoustic
(low T)

Optical
(RT)
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Mobility follows Mathiessen’s rule:
1
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+ ⋯



Material Preparation



Quartz (SiO2)

MoS2
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Molybdenite Mining

Los Bronces, Chile

Climax mine, Colorado, USA

Pinto Valley, Arizona, USA
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Scotch Tape Exfoliation 

Benameur et al., Nanotechnology (2011)

SiO2

monolayer MoS2

1 layer
2 layers

glue
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Van der Waals Epitaxy Using an MBE

Mo Se

RHEED gun

RHEED 
screen

manipulator

Ohuchi…Koma; J. Crystal Growth (1991)

Koma; Thin Solid Films (1992)
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MBE MoSe2 on GaAs(111)B

time
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Highly Aligned MoSe2 on GaAs by MBE

Possible orientations:

Chen…Kis; ACS Nano (2017)
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Ambipolar Transport in MBE-grown MoSe2 EDLTs

Chen…Kis; ACS Nano (2017)
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MoS2: CVD Growth

Van der Zande et al. Nature Materials  (2013)
Najmaei et al. Nature Materials  (2013)

54

substrate

furnace  700   C

S

MoO 3

N2



CVD Growth

Dumcenco, Kis et al. ACS Nano 9, 4611 (2015)

AFM image of a sapphire surface
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MOCVD Growth
Metalorganic chemical 
vapour deposition
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H2/Ar
H2S

furnace  780 - 1000 °C

exhaust

P= 850 mbar

4 inch

as-
received 
c-
sapphire

MoS2/c-
sapphire

Bubbler
Mo(CO)6

Mo(CO)6 + H2S → MoS2 + CO + H2

Polycristalline MoS2
Sub-1µm grain size

Cornell, Nature (2015)

    

1 µm

Large single crystals
EPFL, Kim et al, 
Nano Lett (2017)



New at EPFL: MOCVD – BM 2D NOVO
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New at EPFL: MOCVD – BM 2D NOVO
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Recapitulation

Why semiconducting nanostructures for nanoelectronics

Historic overview
• Graphene 
• Transition metal dichalcogenides and 2D materials

Material Growth
• Exfoliation, MBE, CVD, MOCVD 
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