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Threshold Voltage: Channel Formation
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MOSFET Operation Principles*
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Gradual Channel Approximation (             )V
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Sub-Threshold Conduction*

Normal conduction
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MOSFET Scaling (Constant field)*

Scaling assumptions    Device dimensions (L, W, tOX,)              1/K      
                                                                Doping concentration (Na, Nd)                K
                                     Voltage  (except VT)                             1/K

 Derived scaling:           Electric fields                                        1
 Device parameters      Carrier velocity                                      1
                                     Depletion layer width (Wd)                    1/K
                                     Capacitance (C=εA/t)                           1/K
                                 Inversion layer charge density               1
                                 Current, drift                                          1/K
                                     Channel resistance                               1

Derived scaling:           Circuit delay time (τ∼CV/I)                     1/K
 Circuit parameters      Power dissipation (P~VI)                       1/K2

                                                         Power-delay product (Pτ)                     1/K3

                                                         Circuit density (~1/A)                              K2

                                                         Power density (P/A)                               1

Device and circuit
parameters

Multiplicative
factor (K>1)
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0
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Down scaling of
circuit parameters
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Modern CMOS

*After R.S. Muller and T.I Kamins, DEIC, Wiley, 3d ed.

CMOS Inverter circuit* Transfer characteristics*
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Short Channel Effects

Channel-length modulation
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Velocity Saturation (Si-Devices)
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Gate-Induced Mobility Degradation
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Drain-Induced Barrier Lowering (DIBL)*

e

VT-shift with VD

*After Y.Taur and T.H. Ning, FMVD, Cambridge, 2d ed.J.P. Leburton, IWSG-2009, IITB, India

Tunneling

Thermionic emission



Source-Drain Charge Sharing Effect:
VT (Gate coupling)-Reduction*

tox
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Deep Nanoscale Devices
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Velocity Overshoot (Transient)
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In III-V Compnds : tmax~1ps =>xmax~100nm
                              vmax~ 4-5x107cm/s

In Si: tmax~0.1ps=>xmax~10-20nm
         vmax~ 2x107cm/s

High speed-high current!!

K. Hess, ATSD, Wiley, 2000
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Depletion and Quantum Capacitance:
Gate Coupling Reduction

Poly-Si gate*

(All-Si&self-alignment) Quantized inversion
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C-V curve*
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Dopant Granularity: VT-Fluctuations*

*U. Kovac et al., Microelectronic Reliability 48, 1572 (2008)J.P. Leburton, IWSG-2009, IITB, India



tox-Scaling => High-K Dielectrics*
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High-K Dielectric Phonons
High-K: Large ε => large polarization  
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High-K Dielectric Remote Phonons
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Plasmon-RIP coupling*Remote Interface Phonons
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High-K Dielectric Remote Phonon Scattering

Strong RIP
scattering
(ZrO2&HfO2)

Weak (bare or
plasmon screened)
RIP scattering
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RIP-Limited Channel Mobility:SiO2 vs. HfO2*
Simulated Theory vs Experiment
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Alternative (Future) MOSFET Structures*

* After K. Imai, Proc. Of SPICE vol. 7028

Depleted devices for - Reduction of VT-fluctuations
                                  - “Ballistic” transport
 + III-V on Si for high mobility

J.P. Leburton, IWSG-2009, IITB, India



Confined Phonons in Quantum Wires*

  Carrier confinement, but also Carrier confinement, but also   
      phonon confinementphonon confinement  λ <2λ <2dd
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