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Dissipated Heat 

Processor coolers now and then 

1993 

today 



Dissipated Heat 

Frying eggs on processors 

http://www.phys.ncku.edu.tw/~htsu/humor/fry_egg.html 

http://www.phys.ncku.edu.tw/~htsu/humor/fry_egg.html


What’s Going on with Small Transistors? 

Ferain et al., Nature 479, 310 (2011) 

Colinge, Sol. Stat. El. 48, 897 (2004) 

 

Planar MOSFET – short channel effects 
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Example: 
 2nm thin Si, 1nm SiO2: Lg>10nm 
  
 
 

(Si)=11.9 
 



Dichalcogenide Nanolayers 

• Electronic devices based on dichalcogenide nanolayers 

metal M = Ta, Nb, Mo, W, Ti, Re  

chalcogenide X = S, Se, Te 

Electrical property Material 

metallic, CDW, 
superconducting 

NbSe2, NbS2, NbTe2 

TaS2, TaSe2, TaTe2 

 

semimetallic TiSe2 

semiconducting MoS2, MoSe2, WS2, WSe2, 
MoTe2, WTe2 



MoS2 

Band gap: 1.2 eV band gap (bulk); 1.8 eV direct gap (single layer) 

Mobility:  200 (monolayer, RT) - 2500 cm2/Vs (bulk, 70K) 

Stability: > 1000 °C in inert atmosphere 
 no dangling bonds 

Availability: naturally occurring mineral, abundance similar to Ge 

Kam et al., J. Phys. Chem. 86, 463 (1982) 

Splendiani et al., Nano Let. 10, 1271 (2010) 

Mak et al., PRL 105, 136805 (2010) 

Fivaz et al., Phys. Rev.  163, 743 (1967) 

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

 

 

0.65nm 

Mo  

S MoS2 crystal 



Proceedings of the Royal Society A 273, 69 (1963) 



Joensen et al., Materials Research Bulletin 21, 457 (1986) 



Previous Work 

Novoselov et al., PNAS 102, 10451 (2005) 

“For 2D NbSe2 and MoS2, we measured mobilities between 
0.5 and 3 cm2/Vs for different samples, in agreement with 
mobilities for the corresponding 3D crystals at room 
temperature.” 

Fivaz et al., Phys. Rev. 163, 743 (1967) 



Quartz (SiO2) 

Molybdenite 
(MoS2) 

Source: Wikipedia 



Localities for Molybdenite 

Known reserves: 19M metric tons 



Scotch Tape Exfoliation  

Benameur et al., Nanotechnology 22, 125706 (2011) 

 

SiO2 

monolayer MoS2 

1 layer 2 layers 

glue 

270-280 nm SiO2 gives optimal contrast 



MoS2 Nanolayer  Transistors (2009) 

I s 

V g 

V s 

drain 

source 

I 

Ohmic contacts 

Can be turned off 

Good contact materials: Ti, In, Y, Au 
 
Thickness:  4 layers 
Mobility:  40 cm2/Vs 
On/Off:  105 

 



Dielectric Screening 

Jena and Konar, PRL 98, 136805 (2007) 

 

Chen et al., NanoLet 9, 1621 (2009) 

 

Chen et al., NanoLet 9, 1621 (2009) 

 





Ultralow-power MoS2 Transistor 

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

 

Ion/Ioff  108 

Gate length:  500 nm 
Channel width:  4 µm 
 
Mobility: 200-1000 cm2/Vs 
On/Off: 108 

 
ON current:  2.5 µA/µm 
OFF current:  25 fA/µm 
Transconductance:   1 µS/µm 



Comparison with Other Semiconductors 

Adapted from F. Schwierz, Nature Nanotechnology 5, 487 (2010) 



MoS2 and Short Channel Effects 

Planar MOSFET – short channel effects 
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Example: 
 2nm thin Si, 1nm SiO2: Lg>10nm 
  MoS2, 1nm SiO2: Lg >3nm 
 
 
 
 

(Si)=11.9 
(MoS2)=3.9  
 
 

would need 0.27 nm thick Si film 
for same Lg! 

 





MoS2 - based Integrated Circuits 

10 mm 

Example with 6 transistors integrated on the same piece of MoS2 



MoS2 Digital Inverter 

 

Radisavljevic, Whitwick, Kis; ACS Nano 5, 9934 (2011) 

Best for graphene: 2.5 gain at 70K 
Li et al., Small (2011) 

Max. Gain: 4.5 



MoS2 NOR Gate 

• All logic operations can be expressed using a combination of NOR operations 

Radisavljevic, Whitwick, Kis; ACS Nano 5, 9934 (2011) 



TEM Imaging 

Brivio, Alexander, Kis; Nano Letters 11, 5148 (2011) 

 

TEM 

HRTEM 

Optical 

Optical 



How to Recognize Single Layers 

Brivio, Alexander, Kis; Nano Letters 11, 5148 (2011) 

 

SINGLE 

DOUBLE 



Ripples in MoS2 

Lateral size Amplitude Surface deviation 

MoS2  monolayer  6-10 nm  0.6 - 1 nm ± 5° 

MoS2 bilayer ± 0.5° 

Graphene  10 nm  1 nm ± 5° 

Bilayer Graphene ± 2° 

Brivio et al.  
Nano Letters (2011) 
 
Meyer et al.,  
Nature 446, 60 (2007) 
 



Mechanical Properties of Monolayer MoS2 

Bertolazzi, Brivio, Kis; ACS Nano 5, 9703 (2011) 

AFM probe 

MoS2 

SiO2 

5mm 

Monolayer 
MoS2 

AFM image before straining AFM image after failure 



Mechanical Properties of Monolayer MoS2 

Bertolazzi, Brivio, Kis; ACS Nano 5, 9703 (2011) 

 

Elastic modulus 

Breaking strength 

Material 
Young’s 

Modulus 
GPa 

Breaking 
strength 

GPa 

Strength /Modulus 
(%) 

Stainless steel 205 0.9 0.4 

Polyimide 2.5 0.231 9 

PDMS 0.3-0.87 2.24 2.5 

Monolayer 
MoS2 

270 16-30 6-11% 

Bulk MoS2 238 - - 

WS2 nanotubes 152 3.7-16.3 2.4-10 

Carbon 
nanotubes 

1000 11-63 1.1-6.3 

Graphene 1000 130 13 

EYoung=(270 ± 100) GPa 

smax=(22 ± 4) GPa 



Summary 

 

• We have MoS2 – based transistors with Ohmic 
contacts 

 

• Our transistors have high ON/OFF ratios, high mobility 
and low leakage currents 

 

• We have demonstrated basic electronic circuits 

 

• Ripples are there, might be limiting the mobility 

 

• High stiffness, strength and flexibility 
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Thank you for your attention! 
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