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Schrödinger’s Equation 

… if  d2/dx2  gets smaller,  

                                     E gets bigger … 
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Schrödinger’s Equation 

Atom 

Chemical reaction 

E=10eV 

(101 eV) 
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Schrödinger’s Equation 

Nucleus 

Nuclear reaction 

E=10MeV 

(107 eV) 
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Elementary 

Particles 

E=14 TeV 

(1013 eV) 
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Bardeen, 

Brattain and  

Shockley 

(1947) 

 
(point-contact transistor) 

 

The first transistor 
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Jack 

Kilby 

One centimeter 
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Early Integrated Circuit (4 transistors), 1959 

One centimeter 

Contains only 

4 transistors ! 

(Bipolar 

transistors) 
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Early Integrated Circuit (200 transistors), 1969 

One centimeter 

(MOS 

transistors) 
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10 Intel Quad-Core Tuwilka 

(2,000,000,000 transistors), 2008 
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193 nm 

Moore’s Law (1965 – 2011) 

G. Moore’s paper 
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MOS Transistor Scaling 
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I-line (l=365nm) 
G-line (l=436nm) 

Deep UV (l=193nm) 

Extreme UV (l=13.5 nm) 

Printing small things: Photolithography 
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Printing small things: Photolithography 
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TSMC’s Fab 12 Phase 4: 9.3 G$ 

 

Global Foundries new fab: 6-8 G$ 

Semiconductor Fabs 
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Metal-Oxide-Semiconductor (MOS) Transistor 

1980-1990’s 

2000’s 

1966 
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Classical Mechanics 

Eball < Vdoor 
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Classical Mechanics 

Eball > Vdoor 
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Quantum Mechanics 

Esound < Vdoor 

Schrödinger’s Equation 

 


VE
dx

d

m

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
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Schrödinger’s Equation 

Oxide 

Gate Silicon 

Electron tunneling 

HfO2, LaLuO3 
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High-k dielectrics 
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A: SOI FinFET; the “hard mask” is a thick 

dielectric that prevents the formation of an 

inversion channel at the top of the silicon 

“fin”. Gate control is exerted on the channel 

from the two lateral sides of the device. 

B: SOI Triple-gate (or trigate) MOSFET. Gate 

control is exerted on the channel from three 

sides of the device (top, as well as left and 

right side). 

C: SOI P-gate MOSFET. Gate control is 

improved over (B) because the electric field 

from lateral sides of the gate exerts some 

control on the bottom side of the channel.  

D: SOI W-gate MOSFET. Gate control of the 

bottom of the channel region is improved over 

(C). 

E: SOI Gate-all-Around MOSFET. Gate 

control is exerted on the channel from all four 

sides of the device. 

F: Bulk trigate MOSFET 

“Multigate Transistor Geometries 
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Silicon 

Gate Silicon 

Gate Silicon 

Intel’s TrigateTransistor for 22nm node 
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5 nm5 µm

(A) (C)

(B)

5 nm5 µm

(A) (C)

(B)

Electron microscope photographs of a multifingered (three fingers) silicon nanowire transistor. 

A: Scanning electron microscope of a device with three parallel nanowires sharing a common gate electrode. 

B: Transmission electron microscope photograph of the three silicon nanowires and the common polysilicon 

gate electrode in an omega-gate electrode configuration. 

C: High-resolution transmission electron microscope photograph of a single silicon nanowire. 

Pi-gate transistor 
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Nanowire MOSFET 

"High-performance fully depleted silicon nanowire (diameter /spl les/ 5 nm) gate-all-around CMOS 

devices", Singh, N.; Agarwal, A.; Bera, L.K.; Liow, T.Y.; Yang, R.; Rustagi, S.C.; Tung, C.H.; 

Kumar, R.; Lo, G.Q.; Balasubramanian, N.; Kwong, D.-L., IEEE Electron Device Letters, Vol. 27, 

no. 5, pp. 383- 386, 2006  
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How small can you go? 

L=3nm 

Ø=1 nm 
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Geometry of 3D, 2D, 1D and 0D samples. x, y, and z represent spatial directions 

and a, b, and c represent small dimensions in the x, y, and z direction, respectively.  

Low-dimensional devices: 3D, 2D, 1D and 0D 
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The electron behaves like a wave in direction of 

confinement 
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Quantum effect: Inter-subband scattering 
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Conclusion 
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