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Transition Metal Dichalcogenides 88 TMDs have been explored since 1960s
Metals: Sc ,Ta“,, etc.
Semiconductors: W , Mo5,, etc.
Insulators: Pt-c, ,Pd" ., etc.

Superconductors: V., Nb , etc.
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Periodic Table of Elements

M
M = Transition Metal
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The d-orbital electronics ;
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Mo: [Kr]. 5d°.6s!
W: [Xe].4f*.5d*.6s2

For the first time we have
Semiconductors with conduction
electrons contributed by d-orbital

Periodic Table of Elements Band-structure Engineering

M
M = Transition Metal v Electric Field
v’ Mechanical Force
v’ Temperature




Metal Insulator Transition
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Electric Field Induced

Swastibrata Bhattacharyya, et al.
Physical Review B, 86,2012
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2. 2D Electronics
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Transistor > HighSpeed
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Field Effect Transistor
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Transistor > HighSpeed
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Field Effect Transistor

Gate

Gate Leakage Current does not allow
thinning down of gate Oxide

Quantum Confinement does not allow
thinning down of Si channel

Source

tvos2 = 0.65 nm

Drain

Gate

A= v techannettox

Ley™> 32
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2D Transistor
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Hwang. et al. Applied Physics Letters, 101,2012.
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Pradhan. et al. ACS Nano, 8(6), 2014.
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Phosphorene FET

Saptarshi. et al. Nano Letters, 14(10),2014.
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(b) Monolayer Phosphorene
T = 300K
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MoTe, FET
Pradhan. et al. ACS Nano, 8(8), 2014.
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Transistor
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Field Effect Transistor
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Green Transistor
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Excitonic Transistors Tunneling Transistors

Hole

v" Columbic Interaction
between Electrons and
Holes Resulting in
Phase Transition

v Possibility of Room

Temperature 4
Superconductivity Twkp = exp(— ﬁ\/ 2meEgdoxdpopy)

Mott Transition Transistors

Gate Tunable
v Electronic Properties
v" Photonic Properties
wsanao v Thermal Properties
v Mechanical Properties
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Tunneling Transistors
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Electrostatically doped WSe, Lateral tunnel junction
Saptarshi Das. et al. ACS Nano, 8(2), 2014.

Graphene-WS,-Graphene Vertical tunnel junction

Georgiou. et al. Nature Nanotechnology, 8,2013.
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2D Circuits and Sensors
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Integrated circuit based on MoS, Analogsmallsignal generator Memory transistor with MoS,
Wang. et al. Nano Letters, 12(9), 2012. Tan. et al. Applied Physics Letters, 103, 2013. Lee. et al. Small, 8(20), 2012.

‘. NAND Gate

vout

MoS, FET based bio-sensor
Late. et al. ACS Nano, 7(6), 2013.
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MoS, FET based gas-sensor
Sarkar. et al. ACS Nano, 8(4), 2014.
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3. 2D Optoelectronics
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Photoluminescence
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K point: localized d orbitals at the Mo atom

I' point: linear combination of d orbitals on

the Mo atoms and anti-bonding p, orbitals | :
on the S atoms r MK I'T MK I'T MK T T MK

r

Photoluminescencein MoS,

Splendiani. ef al. Nano Letters, 10(4), 2010. Photoluminescence from suspended flakes
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Photoluminescence
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Enhanced photoluminescence from edges of WS, Photoluminescence modulationthrough intercalation

Gutierrez. et al. Nano Letters, 13(12),2013. Wang. et al. ACS Nano, 7(11),2013.
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Photoluminescence modulationthrough doping  Photoluminescence modulation through plasmon

Mouri. et al. Nano Letters, 13(12), 2013. Shovani. et al. Applied Physics Letters, 104,2014.
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Phototransistor
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hv é Laser beam —»
f Photogenerated

- ; Monolayer MoS
Intrinsic /\4 . carriers B e Contact
d ;

Device under bias
and illumination

Device under bias Sio,
and illumination

Si substrate ON state (Vg > V)
OFF state (V< V)

Photoresponsivity (Y= I o/Praser)

Mobility
Exfoliated monolayer MoS, : 7.5mA /W

. Lopez. et al. Nature Nanotechnology, 8, 2013.
Exfoliated few-layer MoS, : 120mA /W

Ambience
CVD monolayer MoS,: 780mA /W (air)

Zhang. et al. Advanced Materials, 25, 2013.
CVD monolayer MoS,: 2200mA /W (high vacuum)

Contact Resistance
Ohmic contacted monolayer WSe,: ~1.8x10°A/ W Zhang. et al. ACS Nano, 8(8), 2014,
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Phototransistor
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[ ]

Device under bias

Device under bias and illumination

and illumination

ON state (Vg > V)
OFF state (V< V)

Photoresponsivity (y = 5x108A/W)

Graphene -MoS, heterojunction phototransistor
Roy. et al. Nature Nanotechnology, 8, 2013.
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Photodiode
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Photodetector: L, Photovoltaic (solar cells): I, V Electroluminescence (LEDs): ho

ocC
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Photodiode
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Electrostatically doped WSe, p-n diodes

Baugher. et al. Nature Nanotechnology, 9, 2014.
Ross. et al. Nature Nanotechnology, 9, 2014.
Pospischil. et al. Nature Nanotechnology, 9, 2014.
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Yu. et al. Nature Nanotechnology, 8, 2013.
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4. 2D Engineering
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Large Area Growth: Homogeneous
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Physical Vapor Transport Chemical Vapor Deposition
Liu, et al.. Nano Letters, 12(3), 2012 Lu, et al. Nano Letters, 14(5), 2014
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Large Area Growth: Heterogeneous £
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Vertical Heterostructure: MoS, on Graphene

Shi, et al Nano Letters, 12(6), 2012

CVD-Graphene

1D edge
as substrate °

WSe, lateral
heteroepitaxy
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Phase Engineering 1T MoS, : Metallic y
2H MoS, : Semiconducting Argon ne
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Kappera. ef al. Nature Materials, 2014.
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Conclusion
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2D Crystals show a lot of promises and a lot of
scope for innovative scientific thinking
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