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schrodinger’s Equation

- dy
E_V
2m dx? ( )W

.. if d?/dx’ gets smaller, :
E gets bigger ...:




Atom
Chemical reaction
E=10eV
(10t eV
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Schrodinger’s Equation  —- 5 =(E-V)

Nucleus
Nuclear reaction
E=10MeV
(107 eV)




Elementary

Particles
E=14 TeV




Bardeen,
Brattain and

Shockley
(1947)

ﬂ (point-contact transistor)
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INTEGRATED CIRCUIT - 1958

« US Patent# 3,130,745
filed Feb. 6, 1552



Contains only
4 transistors !

(Bipolar
transistors)

il

One centimeter




(MOS
transistors)
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sSource

Substrate

Source

L'ubstrate

ransistor Scaling

Constant- Generalized | Generalized

Physical parameter Electric Field Scaling Selective

Scaling Factor Factor Scaling Factor
Channel length, Insu- 1o 1o 1/ag
lator thickness
Wiring width, channel 1/ex 1/ 1/,
width
Electric field in device 1 £ €
Voltage 1/ex el gl
Omn-current per device /e £fa £/ o,
Doping o EQ Etty
Area 1/a? 1/a? 1/a2,
Capacitance 1/ o 1/ 1/ o
Gate delay 1/ex 1/ex 1/erg
Power dissipation t/a? 2 fad 2 J o0
Power density 1 e? elery, o




Printing small things: Photolithography

\

G-line (A=436nm) B
I[-line (A=365nm) —

\ | j// /. 7"// V/y Deep uv (k—193nm)
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Lithography Tool Price ($)
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Semiconductor Fabs

TSMC’s Fab 12 Phase 4: 9.3 G$ ;

=

Global Foundries new fab: 6-8 G$ ;
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ransistor

1966 gt . 1980-1990°s

Polycide
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| I
1
lithium beryllium
3 4
2 LilBe
sodium
11
3 Na
potassium
19
4 K
39.0983(1)
rubidium
37
> Rb
85.4678(3)
caesium
55
6 Cs
7

titanium

Ti

47.867(1)

cobalt
27

Co

58.933200(9)

tantalum

73

Ta

180.9475(1)

tungsten

74

W

183.84(1)

1990's

Sn

118.710(7)

Vi

Vil

10
Ne

20.1797(6)

bromine
35
Br

79.904(1)

iodine

53

126.90447(3)




Classical Mechanics




Classical Mechanics




Quantum Mechanics Schrodinger’s Equation

E = Vdoor

sound




Schrodinger’s Equation  —5—-—-5

Gate Dielectric (8!02 or Eq.) Thickness, nm
S
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o i *_______,_.i.
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1] A Vv Vi Vi O

1990's

Pm

(144.9127)
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ransistors gceometry

W  “Gate-all-Around”
o “3 Gates” A—

“2 (Gates™ /0

AR Ny 4
Gate Source

Gate
e 1 Gate” Drain D
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Vultigate Transistor Geometries

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 I'T-gate MOSFET. Gate control is
improved over (B) because the electric field
from lateral sides of the gate exerts some

Siicon control on the bottom side of the channel.

D: SOI Q-gate MOSFET. Gate control of the
bottom of the channel region is improved over
ooooo (©).

E: SOI Gate-all-Around MOSFET. Gate
control is exerted on the channel from all four
Sl Sl sides of the device.

F: Bulk trigate MOSFET

Hard Mask

Buried Oxide (BOX)

Silicon

OOOOO

Buried Oxide (BOX) Buried Oxide (BOX)

Buried Oxide (BOX)
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22 nm 3-D Tri-Gate Transistor A

a 3-D Tri-Gate transistors form conducting channels on three sides
of a vertical fin structure, providing “fully depleted” operation

Transistors have now entered the third dimension!
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50 nm

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: Hi%h-resolution transmission electron microsco]%e ghot%graph of a single silicon nanowire.
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SiFin - o SINW-with90m " \fier 130 1
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o — - — —
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1DIBL=20 mV/V

V,=-0.18 V V,=0.05 V
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"High-performance fully depleted silicon nanowire (diameter /spl les/ 5 nm) gate-all-around CMOS 10
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




ow small can you go?
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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.
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The electron behaves like a wave In direction of
confinement

...Quantum Effects... :
Classical Quantum .
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..Dimensional Quantum Effects...
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c

Density of sates vs. energy above Eco for a 1D system (A) and a 2D system (B)
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-0.558

N | KT must be smaller
o j than or comparable to
N | 150 meV to resolve

-0.5596 -

T TisoueV | G ——— current in different
i ; ; ; : subbands.

Density of states (cmeV?) x 10%°

Energy above E_ (eV)

A
Vs must be smaller than or

comparable to 150 mV to
resolve current in different
subbands. EF
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scattering

|
At low temperature .
-7 [ ]
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. Inter-subband scattering
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