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• What are 2D materials? 
• How to define 2D materials? 

 
 One dimension in the nanometer range? 

 
 
 
 

 GaAs or Si (~100nm) 
 

• Properties of Metals ( Al, Au, Ag) for different thickness  
significant qualitative changes (considered as different 
dimensions) – few monolayers (10 Å) 

• Liquid helium – 3 monolayer considered as a 2D system 
because we find significant physical properties (unexpected 
phenomena or novel features) 
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• The properties of a materials are   identified 
by a specific length scale. 

We can consider electronically confined in one 
direction if the confinement length is smaller 
than or comparable to the length scale we 
consider.  

 Conventional (or physical) length scale: smaller 
than the exciton Bohr radius (exciton=electron-
hole bound state) 
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• Quasi-2D  systems: depending on our 
interest     

•  various length scales: scattering length, 
mean free path, Fermi wavelength, thermal 
mean free path, screening length …  

•  energy scale: thermal energy  𝑘𝐵𝑇, 

subband energy: 
ħ2
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•  In semiconductor Quasi-2D  systems: 
large length, energy scale  

•  As the same reason, thin metals (Au, Ag, 
Al foils) are not 2D materials.  
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• Parameters (density) can be tuned. 

• Their properties can be modified by external gate voltage. 

• Density of states are enhanced. 

•  many physical properties are proportional to the density of 
states (e.g., scattering times, absorption (band-band transition), …)   

 

 

Why 2D materials are important? 

Introduction 



• Science – novel physics 

  - Novel physical phenomena, QHE, FQHE, 
which leads to the Nobel prize 

• Engineering – multifunctional devices, 
overcome scaling limit 

• they can be combined with different 2D 
materials.  

 

 

Why 2D materials are important? 

Introduction 



• First 2D systems – Si-MOSFET, Kahng and Atalla (1960)  

• MOSFET (metal–oxide–semiconductor field-effect 
transistor):  insulating layer + semiconductor +  
metallic gate electrode  

Introduction 

https://en.wikipedia.org/wiki/Dawon_Kahng


• Semiconductor superlattice is also considered as a 2D 

system. GaAs : 𝑎𝐵
∗ ~100 Å 

• Superlattices: narrow-bandgap semiconductor 
(GaAs)+wide-bandgap semiconductor (AlGaAs).   

• quantum well: A thin layer of GaAs between two layers 
of AlGaAs creates a potential well for an electron, 
where its motion is restricted. 
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• Quasi-2D systems based on 
semiconductors have limitations arising 
from length scale (e.g., low temperature).  

 

Need real 2D systems  

Atomically thin 2D materials (the actual 
confinement length in z-direction is 
smaller than all other physical length. 
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2D materials 

• Why realizing 2D materials is difficult? 

Thermodynamically unstable 

• There are many layered materials with 
strong in-plane chemical bonds and weak 
coupling between the layers. These layered 
structures provide the opportunity to be 
cleaved into individual freestanding atomic 
layers. These layers with one dimension 
strictly restricted to a single layer are called 
two-dimensional (2D) material. 

 

 



• Stable single layer graphene (2004) 

• Why it is stable? 

• Emerged during the last decade as one 
of the most active research topics 

• Recently, research has been expanded to 
other layered van der Waals materials. 

2D materials 



• Properties of 2D materials are usually very 
different from their 3D counterparts. 

• Offer a huge flexibility in tuning of their 
electronic properties. 

• Band gap engineering can be done by 
changing the number of layers. 

• Heterostructures of 2D materials offer not 
only a way to study novel phenomena, but 
open unprecedented possibilities of 
combining them for technological use. 

 

2D materials 



• The most well‐known 2D material:  

• First 2D material studied in detail. 

• Long history, realized experimentally  

    by the works of Novoselov & Geim in 2004. 

• High mobilities (>100 000 cm2/Vs @ 300K) 
raised expectations regarding electronic 
applications (possible successor of Si). 

 

 

2D materials 

Graphene  

• The prospects of graphene electronics are considered less 
optimistic.  

• However, significant attention for 2D materials beyond graphene. 

• So far, more than 500 layered materials discovered. 

• Many of them semiconducting and possibly useful for electronics. 

 



• TMDC (MX2) – M: transition metal, X: chalcogen  

    -- insulating or semiconducting (Ti, Hf, Zr, Mo and W)  

    -- metals or semimetals (V, Nb and Ta) 

• The different electronic behavior arises from the progressive filling 
of the non-bonding d bands by the transition metal electrons. 

2D materials 

TMDC  



2D materials 

TMDC – semiconductors, metals 



• h-BN: large bandgap (~6eV), low number of impurity states within 
the barrier and high breakdown field 

2D materials 

h-BN - insulator 



2D materials 

MPX3 - magnetic 2D semiconductors 



2D materials 



2D materials 

Mxenes –narrow band gaps or metals 



2D materials 



2D materials 



2D materials 

Band gaps of 2D materials 



2D materials 

Band gaps of TMDC 



2D materials 



2D materials 



2D materials 

2D crystals can be assembled into heterostructures, where the 
monolayers are hold together by the van der Waals forces. 



Transport properties 

- Channel (in-plane) transport 
- Tunneling (out-of-plane) transport 



 Improve  sample quality (high mobility) 

 Device applications  

     New physics (IQHE, FQHS, SLL, TQC …)     

  What limits mobility of 2D materials? 

To understand the observed transport data 
To identify the main scattering mechanism 

m ~100,000 cm2 /Vs m ~1,000,000 cm2 /Vsm ~10,000 cm2 /Vs

Transport properties 

Channel (in-plane) transport 



     
Si-MOSFET  m ~ 20,000 cm2/Vs     
 

Modulation doping in GaAs 
                     m ~ 36,000,000 cm2/Vs 

Si-MOSFET vs. Modulation doping in GaAs 

Transport properties 



• Semi-classical Boltzmann transport (relaxation time approximation) 

• Long-range screened disorder potential 

• Wave-vector and Temp dependent screening  

• Quantum-mechanical scattering 

• Physically motivated  

• Gives correct (T,n,κ) dependence 

• Low-density inhomogeneity (screening-failure) 

• The ensemble Monte Carlo technique 

• Non-Equilibrium Green’s Function Method 

 

Theoretical Approach 

Transport properties 

Compare with experimentally measured density and temperature 
dependent mobility. 



Bulk mobility  
at these carrier densities 

1978 – Modulation doping 

1979 – Undoped setback 

1980 – Single interface 

1981 – Sample loadlock 

1982 – LN2 shield sources 

1986 – As, Al, Ga source purity 

1988 – UHV cryopump bake 

2000 – Sample structure 

2007 – MBE growth conditions 

37.8 million cm2/V sec 

2DEG mobility in GaAs There are many independent 
contributions that can adversely 

affect the carrier mobility in 
modulation-doped AlGaAs/GaAs 

2DEG systems. 

Hard limits  phonons   
 

A. LO-Phonon Scattering 
(Long-Range Polar 
Fröhlich Coupling) 

B. Acoustic Phonon Scattering 

i. Via Deformation Coupling 

ii. Via Piezoelectric Coupling 
 

 

Transport properties 

GaAs/AlGaAs 



Bulk mobility  
at these carrier densities 

1978 – Modulation doping 

1979 – Undoped setback 

1980 – Single interface 

1981 – Sample loadlock 

1982 – LN2 shield sources 

1986 – As, Al, Ga source purity 

1988 – UHV cryopump bake 

2000 – Sample structure 

2007 – MBE growth conditions 

37.8 million cm2/V sec 

2DEG mobility in GaAs 

33 

There are many independent 
contributions that can adversely 

affect the carrier mobility in 
modulation-doped AlGaAs/GaAs 

2DEG systems. 

Soft limits  disorders 

 

 

C. Short Range Scattering by 
Neutral Defects and 
Impurities 

D. Interface Roughness 
Scattering at AlGaAs-GaAs 
Interface 

E. Alloy Disorder Scattering in 
AlGaAs 

 

Transport properties 



Bulk mobility  
at these carrier densities 

1978 – Modulation doping 

1979 – Undoped setback 

1980 – Single interface 

1981 – Sample loadlock 

1982 – LN2 shield sources 

1986 – As, Al, Ga source purity 

1988 – UHV cryopump bake 

2000 – Sample structure 

2007 – MBE growth conditions 

37.8 million cm2/V sec 

2DEG mobility in GaAs 

34 

There are many independent 
contributions that can adversely affect 

the carrier mobility in modulation-
doped AlGaAs/GaAs 2DEG systems. 

F. Coulomb Scattering 
i. From Unintentional 

Background Charged 
Impurities in AlGaAs 
and GaAs 

ii. Scattering by 
Intentional Dopants in 
the Silicon Modulation 
Doped Layer 

 

Impurity limit in 2011 

Transport properties 



  What limits the 2-D mobility? 
The history of this field is the raising of the 

limit imposed by impurities. 

100 million mobility  background charged 
impurity (Hwang & Das Sarma PRB 77, 235437 (2
008)) 

2D mobility increased from 103 in 

1978 to 107  in 1988 

But only by another factor of 3 

during 1988-2002 

Has not increased in the 2002-2007 

period 

Current record~ 36.106 

(2008)  

REASON? 

BACKGROUND CHARGED 

IMPURITIES 

 

Transport properties 



Si MOSFET, Kravchenko (1994) p-GaAs, Hanein (1998) 

Observed in many different 2D semiconductor systems : Si-MOSFET, p-GaAs, n-GaAs, SiGe, AlAs, … 

Strong temperature dependent resistivity   Metal-Insulator transition 

 Screening theroy (Das Sarma & Hwang) 

Strong temperature dependent screening of charged impurity scattering g
ives rise to the strong temperature dependent metallic behavior.  

Transport properties 



Role of screening  
KTF 10~

Si MOSFET, Kravchenko (1994) p-GaAs 

Transport properties 



Linear-in-density conductivity  
     (constant mobility) 
Non-universal minimum conductivity 
Dielectric constant dependence 
Ratio of transport scattering time to 
quantum          scattering time  
Impurity dependent mobility 
 

  

m =1/ni

Hong et al. PRB 2009 

Screened random charged impurity 

(a) Novoselov et al. (b) Tan et al. PRL 2008  
(c) Chen et al. Nphys 2008  (d) Jang et al. PRL 2008 
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Transport properties 

Graphene 



Higher mobility sample   m ~ 20,000 cm2/Vs   

Chen, Fuhrer (2008) Morozov, Geim (2008) 

Weak temp. dependence at high density and near Dirac point. 
No Temp dependent at Dirac point.  

 Phonons (deformation potential , remote optical polar phonons,  flexural), ripple 

Transport properties 



Graphene transport limited by el-ph scattering 

• acoustic phonon scattering 
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Efetov & Kim (PRL)  

Hwang & Das Sarma, PRB (2008) 

Transport properties 



Heo et al. arXiv (2010) 

Chen et al. Nnono (2008) 

Hong et al. PRL (2010) 

Graphene on a polar substrate  
 surface optical phonons scattering  dominates over all other 
scatterings at room temperature  

Transport properties 

Graphene transport limited by el-ph scattering 



Bulk Graphite GaAs (Pfeiffer and West, 1989) and Graphene on SiO2 
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 Kish graphite

         (Sugihara, 1979)

 pyrolytic graphite

         (Sugihara, 1979)

Graphene:

 Sample 1

 Sample 2

 LA phonons

 SiO
2
 phonons

Impurities: 

  Sample 1

  Sample 2

Total implied mobilities:

  Sample 1

  Sample 2

h-BN and suspended graphene  

Transport properties 



Kis, Nat. Mat. (2013) 

Transport properties 

MoS2 



Ovchinnikov et al, ACS Nano (2014) 

Transport properties 

WS2 



Xia et al., Nat. Commun. (2014) 

Li et al., Nat. Nanotech. (2014) 

Transport properties 

BP 



Transport properties 



• Thermionic current 

• Direct tunneling  

• Fowler-Nordheim Theory 

Transport properties 

Tunneling (our-of-plane) transport 

Current ∝Density of states 



Transport properties 

Resonant tunneling 

NDR – negative differential resistance 



• Graphene can be combined with semiconductor and 
insulating 2D crystals to create tunnel junction 

• Since the position of the Fermi energy and the DOS 
in graphene can be varied by external gate, so as 
the tunneling current, which allows such structures 
to be used as field effect tunneling transistors (FETT) 

• Tunneling  describe the difference between the 
simple tunneling and the resonant tunneling 

• Novel heterostructure devices tunneling 
• transistors, resonant tunneling diodes, light emitting 

diodes 
 
 

Transport properties 

Tunneling (our-of-plane) transport 



L. Britnell et al., Science 335, 947-950 (2012). 

Transport properties 



Transport properties 

H. Yang, SKKU 

Graphene barristor 



Transport properties 

Lin et al, Nat. Commun (2015) 



• The family of 2D crystals grows both in terms of variety and 
number of materials. 

• Almost every new member brings excitement in terms of 
the unusual electronic and transport properties.  

• The most interesting phenomena can be realized in van der 
Waals heterostructures. 

• Among the unsolved problems is the control of the surface 
reconstruction, charge transfers and build-in electric fields 
in such heterostructures.  

• The standard band diagrams with quasi-electric fields is not 
a useful concept in 2D heterostructures, and a new 
framework has to be developed. 

• Novel devices – valleytronics, 2D spintronics 
 

Conclusion 


