Lecture 4

« MOSFET Transport Issues
— semiconductor band structure
— quantum confinement effects
— low-field mobility and high-field saturation

Reading:
- M. Lundstrom, “Fundamentals of Carrier Transport,” 29 edition,
Cambridge University Press, 2000.

- multiple research articles (reference list at the end of this lecture)
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Electron energy

Dispersion Relationship: E vs. k

« E vs. distance in semiconductors
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Energy (eV)

Semiconductor Band Structure
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Electrons

| Energy{eV)

Silicon Band Structure

« Equi-energy contours
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Spin degeneracy: 2
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« E-krelationship is direction-dependent for electrons in solids.
* In Si, electrons have a more parabolic E-k relationship than holes.
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Quantum Confinement (QC) Effects

« Sub-bands In a MOS Inversion Layer:
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QC Effect on Si Band Structure:
Electrons

(100) Si Inversion Layer
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QC Effect on Si Band Structure: Holes
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Impacts of QC on MOS Electrostatics
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Transition Types of Carriers
Eleskic * Peﬁ“e
Tudw‘—nc

Electrons

1. intra-sub-band scattering > both IR £
2. Inter-sub-band scattering
Valley degeneracy:
Dx2 Ay 4 |, TRE
1. intra-valley scattering _E |, (k) a ZI (27z) S K < d(nk,n'k)
2. g-type inter-valley scattering .
3. f-type inter-valley scattering, Momentum Relaxation Factor
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Acoustic and Optical Phonon

Scatterings

Acoustic Phonon Scatterin¢ Optical Phonon Scattering

AP: coherent movements /w(k)lopt} OP: out-of-phase movements

of atoms, i.e. adjacent acoustic of atoms, i.e. adjacent atoms

atoms move together. move in opposite directions.
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Surface Roughness Scattering

L. Donetti, JAP (2009)

Type: elastic scattering, mostly intra-valley/band
Mechanism:

Source
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Coulomb Scatterings

)
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Effective Transverse Field (E_g)

In a MOS Inversion Layer: ,T

Reality

| i Depletion Approximation
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Universal Mobility Curve: uvs. E g

« Unify the electric field value by including the oxide thickness (compared
to uvs. Vg) and depletion charge effect (compared to p vs. N,,,).

Measured Si Universal Curves
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Universal Mobility Curve: Dependent

Temperature Band Structure
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« Si universal mobility curves are often used to show a new technology’s
enhancement.
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* _Remote Coulomb Scattering

Density of Border Traps, N, [ # fem®)

 Remote (Surface Optical) Phonon Scatterings
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Dependence of High-k Thickness _._
Jvnol ax /"4} s>ma./l¢qo< tol

* Mobility doesn’t follow universal curve.

W—a[f 7
g T T T T "‘!";""" ? Bﬂ T T -
g 200} m** . o =
“e This work L7 > 60} i
9 \‘ # “E . A
§=1 50} R S -
= :', > 40} /‘* v
(=] -]
5100- M é 20 : ﬂ;_]] ?iL:UTE;IHISiON
E’. : %31 ﬁﬁ;ﬂ;ﬁgl}%?mf@z o I This work & [13] TiMAIO:
8 | [10] TiN/BaO,/HiO, 2 . A [14] TaCN/DYOIHIO,
w 8.0 02 04 06 08 1.0 1.2 %.ﬂ 05 1.0 1.5 2.0

EOT (nm) EOT (nm)
K. Choi, VLSI-T (2009)

* By using metal-gate technology, RCS becomes the limiting factor in
state-of-the-art MOSFET’s mobility.
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Si Carrier Velocity Saturation

« Under high lateral electric field, carrier velocity saturates to a constant

value, due to dramatically enhanced optical phonon scatterings.
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« State-of-the-art technologies actually pushes away MOSFETs from

hesrqvelocity saturation, due to:

> Increased doping/junction defects ~ f‘ l

» High-x-induced scatterings 7

> Ballistic transport (will be discussed in Lec. 5) reduced seattorry evemts

> Reduced Vpp  yeduawd E tere
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