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Transition Metal Dichalcogenides (TMDs)

M (transition metals) =  Mo, W, Nb, Re, Ti, Ta, etc.
X (chalcogenides)      =  S, Se, or Te

Formula : MX2

Semiconducting TMDs

• Semi-metal: TiS2

• Charge-density-wave (CDW)
• Superconductivity: i.e. MoS2 Appl. Phys. Lett. 101, 042603 (2012);
• Metal-Insulator Transition (http://arxiv.org/abs/1301.4947)

• Valleytronics, involves channeling the charge carriers into "valleys" 
of set momentum in a controlled way.

http://arxiv.org/abs/1301.4947


1. Why TMDs? 
– A 2D semiconducting transition metal dichalcogenides with potential 

applications that could complement those of Graphene. 

• High on/off ratio and moderate mobility: electronics

• Direct bandgap (for monolayer): optoelectronics

• Valleytronics

– Large area vapor phase growth accessible (so far MoS2)

2. Bandgap Engineering 
 Layer numbers (quantum confinement)

 Strain

 Temperature

 Potentially leads to many optoelectronics applications. 

Motivation
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Introduction: TMDc Monolayer

Schematics of the structural polytypes: 
• 2H (hexagonal symmetry, two layers per repeat unit, 

trigonal prismatic coordination), 
• 3R (rhombohedral symmetry, three layers per repeat 

unit, trigonal prismatic coordination), and 
• 1T (tetragonal symmetry, one layer per repeat unit, 

octahedral coordination). 

Andras Kis, Nature Nanotech, Vol 6, No 3, 146, (2011).



Schematic illustration of the experimental set-up for 
CVD-growth of MoS2

Y. H. Lee et al.,Adv. Mater. 24, 2320 (2012).

Keng-Ku Liu et al., Nano Lett. 12, 1538 (2012).



32Jan. 20, 2014



K. F. Mak, T. Heinz, PRL 105, 136805 (2010)

 Via optical absorption, photoluminescence, 
and photoconductivity spectroscopy, the 
effect of quantum confinement of MoS2 is 
traced. 

 This leads to a crossover to a direct-gap 
material in the limit of the single monolayer.

 The freestanding monolayer exhibits an 
increase in luminescence quantum efficiency 
by more than a factor of 104 compared with 
the bulk material.



Qing Hua Wang et al., Nature Nanotechnology, 7, 699, (2012).



Coupled Spin and Valley Physics in MoS2

 Inversion symmetry breaking, together with strong SOC, lead to coupled spin and valley 
physics in monolayer MoS2 and other group-VI dichalcogenides, making possible spin 
and valley control in these 2D materials.  

 First, the valley Hall effect is accompanied by a spin Hall effect in both electron-doped 
and hole-doped systems. 

 Second, spin and valley relaxation are suppressed at the valence-band edges, as flip of 
each index alone is forbidden by the valley-contrasting spin splitting ( 0.1–0.5 eV) 
caused by inversion symmetry breaking. 

 Third, the valley-dependent optical selection rule also becomes spin-dependent, and 
carriers with various combination of valley and spin indices can be selectively excited by 
optical fields of different circular polarizations and frequencies. 

 We predict photo-induced charge Hall, spin Hall and valley Hall effects.

Di Xiao et al, PRL 108, 196802 (2012)



Photo-induced charge Hall, spin Hall, and valley Hall effects

Coupled spin and valley physics in monolayer group-VI dichalcogenides. 
The electrons and holes in valley K are denoted by white ‘+’, and  ‘’ symbol in dark circles and their 
counterparts in valley  K are denoted by inverse color.  (a) Spin Hall effects in electron and hole-doped  
systems.  (b) Valley and spin optical transition selection rules. Solid (dashed) curves denote bands with 
spin-down (-up) quantized along the out-of-plane direction. The splitting in the conduction band is 
exaggerated. u and  d are, respectively, the transition frequencies from the two split valence-band 
tops to the conduction band bottom. (c) Spin Hall effects of electrons and holes excited by linearly 
polarized optical field with frequency u .  (d) Valley Hall effects of electrons and holes excited by two-
color optical fields with frequencies u and  d and opposite circular polarizations.



Superconductivity in MoS2
 Electro-static carrier doping was attempted in a layered MoS2 by 

constructing an electric double-layer transistor with an ionic 
liquid. 

 With the application of gate voltage VG > 3V, a metallic behavior 
was observed in the MoS2 channel. 

 An onset of electric field-induced superconductivity was found 
in the field induced metallic phase. With a maximum TC  of 9.4K.

 APL, 101, 042603 (2012). Science, 350, 1353 (2015)





Field-effect transistors (FETs) 
based on MoS2.

Andras Kis and co-workers have made an FET in 
which the channel is a single layer of MoS2 that 
is just 0.65 nm thick and 1,500 nm long: 

the black spheres in this schematic are Mo 
atoms; the yellow spheres are S atoms. The 
MoS2 layer also has a bandgap, which is crucial 
for many applications.

Andras Kis et al, Nature Nanotech.

6, No 3, 146, (2011).



MoS2

 Switch on and off at 109 times/sec, a large on/off ratio, making it easy to 

differentiate between digital 1s and 0s. 

 A Mobility ~ 200; and was later corrected to ~15.

Andras Kis, Nature Nanotechnology

Vol 6, No 3, 146, (2011).



Field-Effect Mobility (review)

Monolayer MoS2

• Room temperature mobility

• Back-gated Silicon oxide : 0.1 - 50 cm2/V.s SS: 
1cm2/V.s  

• Dual gate (SiO2+HfO2): 15 cm2/V sec  

• Original ~200:  Nat Nanotechnol 6, 147 (2011)

• Correction ~ 15:  Nat Nanotechnol 8, 147 (2013) 

• On/off ratio: 108

Multilayer MoS2

• Back-gated Al2O3:  100 cm2/Vsec

• multilayer MoS2: 30nm 

• On/off ratio: 106

Nature Communications, 3, 1011 (2012)

• On PMMA:       470cm2/V.s(electrons)

480cm2/V.s(holes)

APL 102(4), 042104 (2013)



MoS2 Optoelectronics 

 MoS2’s strong interactions with light would be favorable for 

solar cells, light emitters, and other optical devices.
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(a) Schematic illustration for the growth of WSe2 layers on sapphire substrates by the reaction 
of WO3 and Se powders in a CVD furnace. A photo of the setup is also shown. 

(b)  and (c) Optical microscopy images of the WSe2 monolayer flakes and monolayer film grown 
at 850 and 750 C, respectively. Scale bar is 10 μm in length. The inset in (c) shows the 
photograph of a uniform monolayer film grown on a double side polished sapphire 
substrate. 

(d) AFM image of a WSe2 monolayer flake grown at 850 C on a sapphire substrate.

MoS2 and WS2 CVD growth

ACS Nano, 8, 923–930, (2014) 



MoS2 and WS2 Lateral Epitaxy
Schematic of lateral epitaxial growth of WS2–
WSe2 and MoS2–MoSe2 heterostructures. 

 A triangular domain of WS2 (MoS2) is first grown using a 
CVD process. 

 The peripheral edges of the triangular domain feature 
unsaturated dangling bonds that function as the active 
growth front for the continued addition, and 
incorporation of precursor atoms to extend the two 
dimensional crystal in the lateral direction.

d, Raman mapping at 419 cm−1 (WS2 A1g signal), demonstrating 
that WS2 is localized at the center region of the triangular domain. 
e, Raman mapping at 256 cm−1 (WSe2 A1g signal), demonstrating 
that WSe2 is located in the peripheral region of the triangular 
domain. f, Composite image consisting of Raman mapping at 256 
cm−1 and 419 cm−1, showing no apparent overlap or gap between 
the WS2 and WSe2 signals, demonstrating that the WS2 inner 
triangle and WSe2 peripheral areas are laterally connected. 
g,h, hotoluminescence mapping images at 665 nm and 775 nm, 
showing characteristic photoluminescence emission of WS2 and 
WSe2 in the center and peripheral regions of the triangular 
domain, respectively.  i, Composite image consisting of 
photoluminescence mapping at 665 nm and 775 nm, 
demonstrating the formation of WS2–WSe2 lateral 
heterostructures.

NATURE NANOTECHNOLOGY , VOL 9,  
1024, (2014).



WSe2-MoS2 lateral p-n junction with
an atomically sharp interface

W. H. Chang, Science, 349, 524, (2015) 


