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A physicist in the Semiconductor Industry




Field Effect Transistor

So pass | hostel, hall, and grange; Source Drain
By bridge and ford, by park and pale, Substrate
All-arm'd I ride, whate'er betide,

Until | find the holy Grail. Silicon MOSFET

ALFRED, LORD TENNYSON
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Physics Saves Lives!!!

Slide 4




Physics: Second Newton’s Law in action

v

Tcos(0) 1

mg

v

* Vertically: Tcos(8)-mg=ma, =0 ~
« Horizontally: Tsin(@)=ma, | gtan(0)=a, |

This is an accelerometer!
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Practical design: Sensing

How can I measure this distance d (angle) accurately and inexpensively?

Well, it sort of looks like a capacitor....
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Measurement:

e
%

D Fig. 1

The capacitance value of a two plate cap is calculated as follows:-
C=Q/V the amount of charge you can store at a given voltage

C = capacitance in Farads

DC = dielectric constant

A = overlapping plate area in square meters

D = distance between plates in meters
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Technology: MEMS (micro electromechanical system)
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MEMS accelerometer
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Source: Analog Devices
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Communication: ASIC (application specific integrated circuit)
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Fabricated in a 2-micron CMOS process,
the digital ASIC functions as a sigma-delta type capacitance-to-frequency con

The ASIC modulates the capacitive sense element and monitors the effect
of accelerations on the sense element via the sense amplifier.
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Product:

Accelerometer Packaging




MEMS accelerometers are used ...

t0 detect sudden automobile deceleration and then pretension seat
belts or deploy air bags

to determine velocity, position, and orientation for flight data
recording systems

*t0 monitor vibrations in machines and detect unusual conditions or
potential failure

to detect forced entry and then activate an alarm (like a car alarm)
t0 detect violent earthquakes and then shut off pipelines or water
mains

*to measure inclination and warn of possible building collapse

*t0 analyze motion in professional and collegiate sports
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The most important electronic material is Silicon

a5=5.43 A

angstrom (A)10-20 m

Si (001) 2x1 reconstructed surface:
*Dimer rows along (110)
*Troughs along (110

« Surface energ @
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Complimentary Metal Oxide Semiconductor technology: FET
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Advanced CMOS Terminal branches of axon

(form junctions with other cells)

Dendrites N

A (receive messages
Y A J\( y ;7 from other cells)
A B W
g v ':l‘._'_ﬁ_ ’dtl:lll
o (passes messages away
from the cell body to

other neurons, hs
muscles, or glands 7.

SOl

Cell body ——

e Thin film Si (TFS) (the cell's life- . & \
« Novel gate dielectrics st
* New channel orientation

» Novel gate metals

* Novel contact metals

* Novel S/D materials, strain

* New interfaces, diffusion, etc.

Myelin sheath

(covers the axon of some
neurons and helps speed
neural impulses)

Neural impulse
R (electrical signal traveling
down the axon)

FinFET

* New channel orientation
~10 A * New Si-SiO, interface
« Ballistic transport

~TFS 40-20 nm

silicon channel” ~060-10 Nm

buried oxide Front Gate
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First principles DFT-LDA calculations

Starting atomic positions {R;} and atomic numbers {Z;}

Construct the Kohn-Sham effective Hamiltonian:

( b + U (paRi)J¢i = &0,

2m

p = Z ‘¢i2‘
9E _

op

Find the self-consistent solution and get the total energy E(p) . From the total energy one can find
forces acting on the atoms and optimize the structure; dynamical matrix can be calculated to find
the phonon spectrum; etc.

F = _8_E_> F =mX
oR,

Very often the Kohn-Sham electronic spectrum ¢ is used to analyze the electronic ¢
system. Though strictly speaking wrong, this is a very instructive exercise.

side 16 A.A. Demkov, J. Ortega, M.P. Grumbach, and O.F. Sankey, Phys. Rev. B 52, 1618 (1995).




One man’s brick wall I1s another man’s ...

Devices will soon be on the
"molecular” or "atomistic” scale
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Traditional Device Modeling Flow

Process simulation Si data (TEM, SIMS, EELS, IR/Raman, SE, etc.)
(diffusion, implantation, etc.) Tersoff et al.

Windl et al. Pantelides et al.
Delarubia et al. Dq_ng et al.
Beardmore et al. ... Mdaller et al...

Short Channel

Device Structure

(drawn)
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SI-SIO, interface
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A.A. Demkov and O.F. Sankey, Phys. Rev. Lett. 83, 2038 (1999).

Slide 19



SI-SrTiO; Interface structure

(a) (b)

Both structures have 2x1 symmetry. Structure (a) has a full ML of Sr at the
Interface (1ML), structure (b) has a half ML of Sr at the interface (1/2 ML)

X. Zhang, A.A. Demkov, H. Li, X. Hu, Y. Wei, and J. Kulik, Phys. Rev. B 68, 125323 (2003).
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A practical example: Mo (110) on t-HfO, (111)
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Where are all these electrons?

—————————————————————
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Gate Current Density, Afcm 2

Example: modeling the gate leakage current:

] LA DL L DL L DL AL LR DL L L L L A N *
e . : T ocexp(-=2,/m E_L/H)
. N'P,15Volts g
\\ '!
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..\ 3 Source Drain
b
. | Subs trate
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N
M. Green et al., Bell Labs \.}
1l e g a9 4 g oo g o g Jd oy g g Jd e g a1l :

0.8 12 1.6 2.0 24 18 3.2

Oxide Thickness. nm

For a nm-size capacitor, what are the
effective mass, barrier height and
thickness?
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Defects and Transport properties
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eakage current
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“Atoms to Engines”
Modeling at all length scales helps Ford produce better engine blocks

Atomic-Scale
Information

Key
Microstructural
Features

Properties
Yield Strength /
Thermal Growth




