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Key Principles in MOS devices
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• MOS geometry & band bending

• MOS junction capacitance

• MOSFET geometry

• MOSFET transfer and output characteristics

• MOSFET square law and saturation

• MOSFET reliability and variability

• MOSFET new materials



equilibrium MOS band diagram
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band bending in p-type MOS

4Fig. 16.6, Semiconductor Device Fundamentals, R.F. Pierret

Flat band Accumulation Depletion Inversion

′VG = 0 ′VG < 0 0 < ′VG < VT ′VG > ′VT

φS = 0 φS < 0 0 < φS < 2φF φS > 2φF
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s.s. gate capacitance vs. d.c. gate bias
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MOSFET Geometry
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Example:  32 nm N-MOSFET technology
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the MOSFET is a barrier controlled device:

effects of gate voltage
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EC = EC 0 − qφs
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the MOSFET is a barrier controlled device:

effects of a small drain voltage

y

E EC

VG

What if we apply a small 

positive voltage to the drain?

1) The Fermi level in the drain 
is lowered.

2) The conduction band is 
lowered too, but the 
electron density stays the 
same.
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Fn

constant electric field

substantial electron density
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understanding DIBL
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2D energy band diagram on n-MOSFET

Bermel ECE 305 S18S.M. Sze, Physics of Semiconductor Devices, 1981 and Pao and Sah.

a)  device

b)  equilibrium (flat band)

c)  equilibrium (φS > 0)

d)  non-equilibrium with VG and VD > 0 
applied

F
N
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understanding DIBL
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MOSFET device metrics

VGS
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threshold voltage
supply voltage

on-current (mA/µm)

ID VGS = VDS = VDD( )
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MOSFET device metrics
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definition of body coefficient (m)
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Subthreshold Region (VG < Vth)

16

∆n

y

EC

EV y

( )

1

2

2

1sqi

D n

c

A

v

h

c

in

h

W

Q

n
e

Q
I qD

L

D
q W

L N

ψ β

−
=

 
= × × 

 
−

ln ID

Ψs  or VG/m

Subthreshold

slope

( )
2

/
1GqVi

inv

c A

m

h

D n
qWW e

L N

β≈ −
Q1

Q2

Bermel ECE 305 S18
4/10/2018



Linear Region (Low VDS)
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Post-Threshold MOS Current (VG>Vth)
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Why does the curve roll over? 
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ID and (VGS - VT):  In practice 

…..
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Failure mechanisms
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Broken Si-H bonds

Negative Bias Temperature Instability (NBTI)

Hot carrier degradation (HCI)

Broken Si-O bonds

Gate dielectric Breakdown (TDDB)

Electrostatic Discharge (ESD)

Radiation induced Gate Rupture (RBD)
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Threshold shifts
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Variability in Threshold Voltage
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Vth control by Metal Work-function
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Tunneling Current
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Ge for PMOS, Si for NMOS
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Basics of Strain ..
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Compressive 

biaxial strain

Enhances mobility 
in the channel …

Larger lattice

Smaller lattice
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Biaxial Strain to Enhance Mobility
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Uniaxial Compressive Strain to Enhance Mobility
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Biaxial Strain to Enhance Mobility
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Adapted from Chang et. al, IEDM 2005.
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New Channel Materials for improved mobility
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Putting it all together
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MOSFET Simulation Tools:

https://nanohub.org/tools/mosfet

https://nanohub.org/tools/mosfetsat



Comparing Ge with Si
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summary

� The MOS capacitor is the foundation for MOS field effect 

transistors (MOSFETs), characterized by many device 

metrics

� MOSFETs differs from MOSCAPs in that the field from the 

S/D contacts now causes current flow – can be understood 

via band diagrams

� Two regimes: diffusion-dominated subthreshold and drift-

dominated super-threshold, define the key ID-VD-VG

characteristics of a MOSFET

� Short channels and variability are serious concerns for 

MOSFET scaling, but strained lattices can help address 
this issue � effective channel lengths below 15 nm
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New equations on equation sheet
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MOS capacitors: � �
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New equations on equation sheet
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MOSFETs: 89 � ���7(: � 0) <=(: � 0)
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Review Questions
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1) Why is the small signal conductance and diffusion capacitance absent 

for MOS capacitors? 

2) What is the expression for inversion capacitance? Why isn’t there 

inversion capacitance in a diode? 

3) What is the difference between flatband voltage vs. threshold voltage? 

4) When would you use deep depletion formula vs. small signal formula? 

5) Explain why there is a difference between low frequency response vs. 

high-frequency response for a MOS-C, but there is no such distinction 

for MOSFET. 
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Example Free Response Question
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Example Free Response Question
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a. What is the surface potential?



Example Free Response Question
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b. What is the substrate doping?



Example Free Response Question
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c. What is the semiconductor depletion width?



Example Free Response Question 2
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A silicon p-type MOS capacitor is maintained in the dark at room temperature. 
Substrate doping is 1017 cm-3 and the oxide thickness is 20 nm. Assuming it is 
‘ideal’, calculate the threshold voltage.


