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Mayan blue (400 CE):
• Mixture of indigo (organic dye) and palygorskite (layered clay)
• Exfoliation of clay by heating
• Mayan blue is greenish, due to blue indigo and yellowish

exfoliated clays
• This was possibly the first human application of quantum

confinement
Definition of Layered Material:
• Strong, directed intralayer bonds (covalent, partially ionic), 

weak undirected interlayer bonds (London dispersion, ionic)
Definition two-dimensional (2D) material
• Single (1L) or few (nL) layers of a layered material

There is a plethora of natural layered
materials! 
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V. Nicolosi, M. Chhowalla, M. G. Kanatzidis, M. S. Strano, J. N. Coleman, Science 340 (2013) 
1420.

graphite / graphene

Silicate hydrite (clay)

MoS2

MnO2
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P. Miró, M. Audiffred, T. Heine, Chem. Soc. Rev. 43 (2014) 6537-6554.
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This review include more than 150 single layered materials.
Including hypothetical ones. 

P. Miro, M. Audiffred, T. Heine, Chem. Soc. Rev. 43 (2014) 6537-6554.

Structure

Band Structure

Band gap

Effective Mass (semiconductors)
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• Read the (old) literature of synthetic layered materials

• Idea: quantum confinement will alter electronic 
properties, in particular the band gap will increase

• Identify interesting candidates, for which we investigate
the exfoliated 2D crystal (in silico) in terms of

– Stability (phonons, simulated annealing)

– Exfoliation possibility (cleavage energy)

– Electronic properties (band structure, charge carrier

mobilities)

– Photocatalysis and photovoltaics (absorption, band edges)

– Electromechanical properties

Our revised approach
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GeP3 – better than phosphorene?

Yu Jing, Yandong Ma, Yafei Li, 

Thomas Heine

NanoLetters 17 (2017) 1833–1838
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Dr. Yu Jing



2D Phosphorus Carbide ? 

Nano Lett. 2016, 16, 3247−3252

Bandgap
~0.7 eV

No solid states that consist of P and C have been found in experiment (yet)



11



12

Bulk GeP3

Yu Jing, Yandong Ma, Yafei Li, Thomas Heine, NanoLetters 17 (2017) 1833–1838
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Exfoliation of GeP3 (in silico)

GeP3 GaN2 NaSnP Graphene

monolayer 1.14 J m-2 1.09 J m-2 0.81 J m-2 0.37 J m-2

bilayer 0.91 J m-2

Yu Jing, Yandong Ma, Yafei Li, Thomas Heine, NanoLetters 17 (2017) 1833–1838
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GeP3

GeP3 in a rectangular cell

phonon spectrum (rect. cell)

GeP3 in a hexagonal cell
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Layer-dependent band structure

Band gap

×eV

Electron mobility
×103 cm2/(Vs)

Hole mobility
×103 cm2/(Vs)

zig arm zig arm

monolayer ~0.55 0.04 0.07 0.014 (0.35) 0.19 (0.36)

bilayer ~0.43 1.25 8.84 4.63 8.48

Yu Jing, Yandong Ma, Yafei Li, Thomas Heine, NanoLetters 17 (2017) 1833–1838
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Light-harvesting capability

• GeP3 thin layers are novel 2D materials that could be exfoliated from the bulk.

• They have band gaps in the range of 0.3~0.5 eV, which are layer-dependent 

and can be further tuned by biaxial elastic strain.

• They show high carrier mobiliies and pronounced light-harvesting abilities. 

Yu Jing, Yandong Ma, Yafei Li, Thomas Heine, NanoLetters 17 (2017) 1833–1838



Two Dimensional Materials Beyond MoS2: Noble 

Transition Metal Dichalcogenides 

P. Miró, M. Ghorbani-Asl, T. Heine

Angew. Chem. Intl. Ed. Engl. 53 (2014) 3015–3018

Dr. Mahdi Ghorbani-Asl, Dr. Pere Miró
HZDR U South Dakota
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Structure of Group 10 MX2

Groenvold and Kjekshus 1956-1960: PdX2 and PtX2, X=S, Se, have a layered 
structure. Ni does not (we include it for completeness)

group 10

F. Groenvold, E. Rost, Acta Chem. Scand. 1956, 10, 1620; 
A. Kjekshus, F. Groenvold, Acta Chem. Scand. 1959, 13, 1767; 
F. Groenvold, H. Haraldsen, A. Kjekshus, Acta Chem. Scand.  1960, 14, 1879. 

1T
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Band Structure of Group 10 MX2

P. Miró, M. Ghorbani-Asl, T. Heine, Angew. Chem. Intl. Ed. 53 (2014) 3015–3018
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Interlayer interactions in PdS2

bilayer

P. Miró, M. Ghorbani-Asl, T. Heine, Angew. Chem. Intl. Ed. 53 (2014) 3015–3018
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Advances of cooling technology

1993

today
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Heat dissipation is another
challenge for high integration

Source: QUALCOMM

Source: http://www.phys.ncku.edu.tw/

Heat dissipation due to leak 
currents and contact
resistance

Design idea by Andras Kis, EPFL



“HRTEM showing atomic resolution 

of the MoS2 layers. The atomic 
model is overlaid in red (Mo) and 
yellow (S), and detailed in (g) with 

black lines as visual guides to their 
appearance in the TEM image. The 

chevron motif correlates with a 
prismatic coordinated MoS2 layer, 

which as a bulk phase is 

semiconducting. The pattern of 
diagonal lines indicates the 1T 

phase, which has been predicted to 
be metallic.”

Eda et al. ACS Nano 6, 7311 (2012)

“High resolution scanning 

transmission electron microscope 
(STEM) imaging reveals the 
coexistence of metallic and 

semiconducting phases within the 
chemically homogeneous two-

dimensional (2D) MoS2 nanosheets.”

Albu-Yaron et al. Angew. Chem. Int. Ed. 50, 
1810 (2011)



Use quantum confinement for 

low-energy logical junctions

Adv. Materials 28 (2016) 853–

856.

Dr. Mahdi Ghorbani-Asl, Dr. Agnieszka Kuc, Dr. Pere Miró
U Cambridge Northwestern U
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Electronic properties of PdS2

M. Ghorbani-Asl, A. Kuc, P. Miró, T. Heine, Adv. Materials 28 (2016) 853–856.

Idea: quasi-zero Schottky
Barrier Transistors

Schottky barrier is a potential
energy barrier for electrons
formed at a metal–
semiconductor junction.
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Electronic properties of PdS2

Material
𝒎𝒆

∗/𝒎𝟎 𝒎𝒉
∗/𝒎𝟎

Down Up Down Up

ML-PdS2 0.467 0.467 -1.342 -1.342

ML-MoS2 0.460 0.525 -0.621 -0.542

Si 0.26 -0.36

M. Ghorbani-Asl, A. Kuc, P. Miró, T. Heine, Adv. Materials 28 (2016) 853–856.
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Model Systems – NEGF Transport



Electronic Transport

• Other studied models 
show similar behavior

• Gate voltage changes 
the I-V characteristics to 
Ohmic

M. Ghorbani-Asl, A. Kuc, P. Miró, T. Heine, Adv. Materials 28 (2016) 853–856.



Synthesis of PtSe2 by self-terminating Se deposition

“In summary, we have successfully 

fabricated high-quality, single-crystalline, 
monolayer PtSe2 films,

a new member of the TMDs family,

through a single-step, direct 

selenization of a Pt(111) substrate at a 
relatively low temperature (∼270 °C).”

Wang et al. Nano Lett. 15, 4013 (20125)

ML PtSe2 on Pt(111)

ML PtSe2 bulk PtSe2



Synthesis of PtS2

Band gap:

Monolayer – Indirect - ~1.6 eV
Bulk – Indirect - ~0.2 eV
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Y. Wang, Y. Li, Z. Chen, J. Mater. Chem. C 3 (2015) 9603.

Literature follow-up



Two Dimensional PdPX for Water 

Splitting

Yu Jing, Yafei Li, Thomas Heine

Submitted (2017).
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Dr. Yu Jing

H2O
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c

a
b

Bulk PdPX are semiconductors with band gap of 1.70 and 1.43 eV for PdPS and PdPSe, 
respectively.

Bulk PdPX, X = S, Se



PdPX (X = S, Se) monolayer

(a)

a

b

a

b

(b) (c)

a

b

Note: surface is similar to that of PdS2(I) suggested by Chen et al.

 Y. Wang, Y. Li, Z. Chen, J. Mater. Chem. C 3 (2015) 9603.
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Indirect semiconductor with band gap of 2.12 eV

Band structure of PdPS monolayer
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Light harvesting
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Two novel two dimensional structures PdPS and PdPSe

small cleavage energy and high stabilities

Semiconductors with indirect band gap of ~ 2 eV

High and anisotropic carrier mobility

Pronounced light absorption

Appropriate band edge for water splitting

PdPX Conclusion

(a)

a

b

a

b

(b) (c)

a

b



Summary

thomas.heine@uni-leipzig.de47

Group 10 metal
dichalcogenides

2D electronics/optoelectronics:
GeP3

PdPX - photocatalysts

H2O



Haeckelite NbS2 two-dimensional 

crystal – a diamagnetic high mobility 

semiconductor with Nb4+ ions

Yandong Ma, Yu Jing, Agnieszka 

Kuc and Thomas Heine

Angewandte Chemie (in press)
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Dr. Yandong Ma

Bonus track



„Allotropes“ of MoS2?

Y. Ma, L. Kou, X. Li, Y. Dai, S.C. Smith, T. Heine, 
Phys. Rev. B 92 (2015) 085427.



Allotropes of carbon

M. Terrones,  A. R. Botello-Méndez, J. Campos-Delgado, F. López-Urías, Y. I. Vega-Cantú, F. J. Rodríguez-Macías, 
A. L. Elías, E. Muñoz-Sandoval, A. G. Cano-Márquez, J.-C. Charlier, H. Terrones, nanotoday 5 (2010) 351-372.
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H. Terrones, M. Terrones, 2D Mater. 2014, 1, 011003

Haeckelite Group 5 TMDC
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Haeckelite NbX2 (X = S, Se, Te)
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Diamagnetic S-NbX2 (X = S, Se, Te)

NbX2: intermetallic bond pairs
electrons
VX2: localised electrons carry 
local spins

H-NbS2: ferromagnetic
S-NbS2: diamagnetic
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Diamagnetic S-NbS2

NbS2

Band gap (eV) 0.73

mh/m0 0.20…0.37

me/m0 0.31…0.46

µh (102 cm2V-1s-1) 1.3…4.9

µe (102 cm2V-1s-1) 1.1…3.0



k-space integration: Monkhorst-Pack

Geometry optimization: PBE

Electronic structure: HSE06 (or PBE0)

Codes: ADF/BAND (numerical basis functions, explicit 2D 

boundary conditions) / VASP (repeated slab)

Relativistic inertial mass (ZORA)

Spin-Orbit coupling (collinear approximation)

Phonons: harmonic approximation

Effective masses: numerical from band structure

Mobilities: deformation potential theory

Methods
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