
François PEETERS
University of Antwerp, Belgium

francois.peeters@uantwerpen.be
https://www.uantwerpen.be/en/rg/cmt/
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Chemistry



Chemisorption

Adsorption of e.g. atomic hydrogen:

sp2 sp3

Similar for other radicals such as:

F, CH3, OH, NH2, …

[D. W. Boukhvalov, PRB (2008)]
[T. O. Wehling, PRB (2009)]

Functionalization � novel 2D materials

Two dimensional carbon sheet of sp3 hybridized C, 
each C atom bound to one   H 

Graphane
2D analog of cubic diamond

(CH)n

Fluorographene
2D analog of teflon � (CF2)n

(CF)n

/  F

Large band gap insulator 
Does not react with other chemicals 
Can sustain high temperatures

Insulator
Very high volumetric and 
gravimetric H-density



Ferromagnetism

A.J.M. Giesbers et al, Phys. Rev. Lett. 111, 166101 (2013)

Graphene is non-magnetic
Nanoribbons � edge magnetism
Monovacancies; sp3–type defects � induce magnetic moments
R.R. Nair et al, Nat. Phys. 8, 199 (2012) � paramagnetism

Partial hydrogenation

Ferromagnetism at T=300k
3 min � Ms = 2.7x10-6 emu
0.9 µB per hexagonal 

Mechanism: partial 
hydrogenation induces 
unpaired electrons + remnant 
delocalized π-bonding network

Epitaxial graphene on SiC

Hydrogenation of a bilayer

Double side adsorption:     high H concentrations

O. Leenaerts et al, Phys. Rev. B 80, 245422 (2009)

Interlayer vdW interaction is replaced by covalent sp3 bounds
Thinnest diamond crystal



Hydrogenation of 4 layers of graphene

Free standing On Pt(111)

Substrate stabilizes the hydrogenated structure with interlayer C bonds

Nano-diamond

S. Rajasekaran et al, Phys. Rev. Lett. 111, 085503 (2013)

Exp.: 1-4 layers

Is graphene unique?
Other 2D atomic crystals/materials

Graphene and beyond



2D crystals

Tmelting decreases with thickness

Poor stability of atomically thin films compared to 3D counterparts
Passiviation of surfaces � corrode, decompose, segregate, …

Interfacial contamination (H2O, hydrocarbons,…)

Single atom 2D crystals

PhosphoreneGraphene

Silicene

Germanene

Stanene

2D



Silicene

- It is not a planar structure
- Can only be grown on some substrates (metals)

buckled silicene structures have been experimentally reported on substrates with 
metallic character, including Ag(111), Ir(111), and ZrB2 .

phonon spectrum



Calculated band dispersion of σ (green) and π (orange) 
states for a freestanding (1×1) silicene layer



Stanene

Based on first-principles calculations we find two-dimensional tin films are QSH insulators with sizable 
bulk gaps of 0.3 eV, sufficiently large for practical applications at room temperature. These QSH states 
can be effectively tuned by chemical functionalization and by external strain.

Phosphorene



Black phosphorus preparation

Mechanical exfoliation

But not directly on the substrate

Black phosphorus characterization

Highly hydrophilic

Aging!

arXiv:1403.0499



Rediscovering Black Phosphorus: A Unique Anisotropic 2D 

Material for Optoelectronics and Electronics

Crystal structure of bulk black phosphorus

Band gap = 0.3 eV

2D atomic crystals/materials



Graphene

Bi2Se3

MoS2

NbSe2

TaS2

TaSe2

h-BN

Bi2Sr2Ca2Cu3O8+δ

Mica

2D crystals

Tansition metal dichalcogenides (TMDC)

MX2 Chalcogen: X

Chalcogen: X

Transition metal: M

Layered structures of the form X–M–X

TMDCs have been studied for decades 
Near-atomically thin materials is newOnly some of these TMD

form layered structures



Diverse range of properties

Insulators: HfS2

Semiconductors: MoS2 ; WS2

Semimetals: WTe2 ; TiSe2

Metals: NbS2 ; VSe2

Several properties within a single material

NbSe2 ; TaS2 � superconductivity
CDW
Mott transition

Electronic character

Synthesis
Top-down methods

- Mechanical exfoliation
- Intercalation of TMDC’s by ionic species (chemical exfoliation)
- Exfoliation by ultrasonication

Bottom-up methods
- CVD growth on insulating substrates
- Hydrothermal synthesis: growth of single crystals from an aqueous solution at high T and P



MoS2

J. Am. Chem. Soc., 1923, 45 (6), pp 1466–1471

MoS2 is not new

Greek: molybdos = "lead"

Physical Properties of Layer Structures: Optical Properties and Photoconductivity of 
Thin Crystals of Molybdenum Disulphide, R. F. Frindt and A. D. Yoffe

Proc. R. Soc. Lond. A23 April 1963 vol. 273no. 1352 69-83

Very thin crystals of MoS2, less than 100 Å thick, have been prepared by cleavage.

Single-layer MoS2, Per Joensen, R.F. Frindt, and S.Roy Morrison
Materials Research Bulletin 04/1986

MoS2 has been exfoliated into monolayers by intercalation with lithium followed by 
reaction with water. X-ray diffraction analysis has shown that the exfoliated MoS2 in 
suspension is in the form of one-molecule-thick sheets. 



Graphene versus MoS2

graphene MoS2

Lattic constant

Bond length

From 3D to 2D

MoS2

indirect band gap

increase of band gap: ~ 50% when from bulk to monolayer



Indirect � direct transition

K.F. Mak et al, Phys. Rev. Lett. 105, 136805 (2010)

optical spectroscopy

direct gap

indirect gap

Bulk

1ML

Excitons

T.C. Berkelbach et al, PRB 88, 045318 (2013)

> 0.4 eV (Exp) ε1

ε
ε2

d



Non-uniform dielectric environment

Effective screening is different 

for each exciton state: V = e2/εeffρ

Exciton states in WS2

# Strong bound excitons

# Non-hydrogenic behavior of the Rydberg series 

due to a non-uniform dielectric environment



Monolayer MoS2

Spin – valley ( momentum) coupling

Broken inversion symmetry � Rashba spin orbit coupling 
� spin splitting of valence band

Time reversal symmetry: K � K’ (-K)

���� Valleytronics

GoWo

LDA

Valley degeneracy breaking by 
magnetic field

=

2 x ∆Zeeman energy

� Bare spin magnetic moment contributions cancel
� Only contribution from orbital magnetic moment

EZeeman =



Transistor
Band gap � large on/off ratio

Radisavljevic et al, Nature Nanotech. 6, 147 (2011)

ReS2

Electronic and phonon properties almost 
independent of N



Nature Communications 5, 3252 (2014)

Beijing – Berkeley – Antwerp – Anhui – Taipei - collaboration

Rhenium

Ground state electron configuration: [Xe] 4f14 5d5 6s2

Origin of name: from the Greek word "Rhenus" meaning river "Rhine".

Walter Noddack, Ida Tacke, Otto Berg at 1925 in Germany

Rhenium compounds are known for all the oxidation states
between −3 and +7 except −2. 

The oxidation states +7, +6, +4, and +2 are the most common 

Rheniite is a very rare and a very new mineral on the mineral market. 
It is so new that it is not yet listed in mineral indexes. 
It is found at the Kudriary Volcano, Iturup Island, Russia and is the only known rhenium mineral.

ReS2, Rhenium disulfide

THE MINERAL RHENIITE



Total energy as function of interlayer 
separation

�Adjacent layers are weakly coupled; 
coupling energy = 18meV/unit cell
(less than 8% of that of MoS2)

Inter-layer distance

Structural characterization

AFM topography of a monolayer 
ReS2 exfoliated on SiO2 surface. 
The area of scan is 1.5 by 1.5 µm,  
the monolayer height is ~ 0.7nm. 

High resolution transmission electron microscopy (HR-TEM) images 
taken from ReS2 along in- and out-of-plane directions.
Fast Fourier transform images from the denoted red/green windows. 

�Crystals are highly crystalline
�Unit cell = trigonally distorted MoS2 structure
�Lack of specific stacking of layers
�Interlayer spacing varies between 6.0 and 6.9Å

cfr. MoS2 has ∆d=0.02Å



Electronic band structure

�Both bulk and monolayer are direct bandgap semiconductors, 
with almost the same bandgap at Γ-point

Both VB and CB edges
are composed of Re-d 
and S-p states.
Majority is Re-d states.

µPL

µPL at room temp.

direct � indirect bandgap

smaller out-of-plane quantum conf.

agrees qualitatively with DFT



Conclusion -- outlook

2D atomic crystals
Stable in air
Probably stable in air
Unstable in air but maybe stable in inert atmosphere

Limited information on stability



Hybrid systems:
Lego with atomic planes

A.K. Geim and I.V. Grigorieva, Nature 499, 419 (2013)

Hybrid devices

Graphene/h-BN � higher mobility: 5x105 cm2/Vs at low T

Field effect tunneling transistors: graphene/h-BN/graphene
� WS2, MoS2

Double layer of (multilayer) graphene:
- Electrically isolated 2D conducting layers.
- Each layer can be measured separately
Many-particle effects:

- drag effect
- excitonic superfluid (BEC)
- Wigner crystal
- itinerant magnetism

e.g. d ~ 1nm (3 h-BN layers) << ree ~10 nm for ne ~ 1012cm-2



Beyond graphene
• Graphene as an atomic scaffold � modify it by chemical 

means
• The pool of 2D crystals is huge

- From insulators to superconductors
- From strong to soft material

• Sandwich structures � increase of possibilities for novel 
properties and possible applications
- Functionality of those heterostructures is ‘embedded’
in their design

• Different properties can be separately tuned, e.g. field effect 
allows electron density tuning without increasing disorder

• Create artificial materials with new functionalities:
- Novel multi-tasking (mechanical, optical and electronic)

- Towards a room temperature superconductor?
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THE END

Electronic structure
Electronic structure depends on: coordination environment of the transition metal

number of d-electrons of the transition metal

Non-bonding d-bands � located within the gap 
between bonding (σ) and anti-bonding (σ*) bands of M-X bonds
1T � D3d : dz2, x2-y2 ; dyz, xz, xy
1H � D3h : dz2 ; dx2-y2 ; dxz, yz

Chalcogen atoms � boadening of d-band + decrease of Eg with increasing atomic number


