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. distance in semiconductors
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Semiconductor Band Structure
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Silicon Band Structure

« Equi-energy contours
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T. Guillaume, SSE (2006)

« E-krelationship is direction-dependent for electrons in solids.
* In Si, electrons have a more parabolic E-k relationship than holes.

9/23/2013 Nuo Xu EE 290D, Fall 2013 4



Quantum Confinement (QC) Effects

« Sub-bands In a MOS Inversion Layer:
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QC Effect on Si Band Structure:
Electrons
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0.20

Energy(eV)

0.05} A1

(100) Si
0.00 - 12 -2
Valley degeneracy: N=2%10¢ cm
A2 A4 0 5 10 15 20 25
Spin degeneracy: 2 Depth from oxide/Si interface (nm)

9/23/2013 Nuo Xu EE 290D, Fall 2013 6



QC Effect on Si Band Structure: Holes

Hole Sub-band Energies
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Impacts of QC on MOS Electrostatics

. . Measured T. . in Si Bulk CMOSFETs
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Carrier Mobility: A Quantum
Mechanical View

 Fermi Golden Rule: transition rates between two E
quantum states ke
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Transition Types of Carriers

Electrons Holes

1. intra-sub-band scattering
2. Inter-sub-band scattering

Valley degeneracy:

A2 Ay 4
1. intra-valley scattering r (k) B ZI (zﬂ) nk nk x(I)(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
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Surface Roughness Scattering

L. Donetti, JAP (2009) 210"

« Type: elastic scattering, mostly intra-valley/band
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Coulomb Scatterings

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

* Mechanism:
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Effective Transverse Field (E_g)
In a MOS Inversion Layer: ,T

2D Sheet Charge Density:

Tinv
Qinv = f qn(x)dx
0

Reality

! . . . Xdep
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\7 éc E > dep _f qNp(x)dx
Depth X 0
dep
Surface (oxide/Si E. — Qaep + Qinv
interface) field: S Egi
Bottom (of inversion Qdep
layer) field: b = £;
Qinv
_|_
Average field: E e = Es + Ep — Qaep /2 = Eofy
2 Egi
+a- Q; - :
More generally:  E,p, = 2dep & Qv For (100) bulk Si MOSFET:
Egi ectrons: a =0.5
Holes: a = 0.33
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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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High-x-induced Scatterings

« Remote Coulomb Scattering
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Dependence of High-k Thickness

Mobility doesn’t follow universal curve.
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* 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 dramatlcally enhanced optical phonon scatterings.
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« State-of-the-art technologies actually pushes away MOSFETs from
velocity saturation, due to:
> Increased doping/junction defects
» High-x-induced scatterings
> Ballistic transport (will be discussed in Lec. 5)
» Reduced V,
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