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Goal of this chapter

• Present intuitive understanding of device 
operation

• Introduction of basic device equations of PN 
junction

• Introduction of basic device equations of FET

• Analysis of secondary and deep-sub-micron 
effects
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Properties of Si

• covalent bonding in the Si 
crystal, veiwed along a <100> 
direction

Energy band diagram of Si:
Eg=1.1eV



A. Insulators have large band gaps which prevents electrons to “jump” from valence to conduction 
band.  B. Semiconductors have smaller band gaps such that electrons can be thermally excited to 
the conduction band C. In metals, large number of electrons exist in the valence band.

Typical band structures at 0 K



Energy band model and chemical bond 
model of dopants in semiconductors: (a) 
donation of electrons from donor level to 
conduction band; (b) acceptance of 
valence band electrons by an acceptor 
level, and the resulting creation of holes; 
(c) donor and acceptor atoms in the 
covalent bonding model of a Si crystal.

Doping of Silicon



Energy Band Diagram of p-type 
Silicon

The Fermi potential



Junction between two materials

Two materials in intimate contact at equilibrium. 
Note: Since the net motion of electrons is zero, the equilibrium Fermi 
level must be constant throughout.



PN Junction: Energy Band

Built-in potential:

Depletion region:



PN Junction Under External Bias



MOSFET Energy MOSFET Energy 
Band DiagramBand Diagram



Two terminal MOS Structure

Intrinsic carrier concentration



Energy Band Diagram of FET
The energy required to move 
an electron from the Fermi 
level into free space is called
Work function:

qFs = qc + (Ec- EF)



Two-Terminal MOS Structure with External 
Bias

Three Regions of Operation:
1. Accumulation Region: VG < 0
2. Depletion Region:  VG > 0, small
3. Inversion Region:  VG > 0, large



Two-Terminal MOS Structure Accumulation 
Region



Two-Terminal MOS Structure Depletion Region



Two-Terminal MOS Structure Inversion Region



Bending of the 
semiconductor 
bands at the onset 
of strong inversion: 
the surface 
potential fs is twice 
the value of fF in 
the neutral p 
material.

Two-Terminal MOS Structure Energy Band 
Diagram



Two-Terminal MOS Structure Depletion Region



Two-Terminal MOS Structure Inversion Region



Cox = _____eox 
tox 

- Gate oxide capacitance per unit area

















MOSFET I-V MOSFET I-V 
Characteristics Characteristics 



FET Band Diagram at Equilibrium



n-channel MOSFET cross-sections under different operating conditions: (a) linear 
region for VG > VT and VD < (VG - VT); (b) onset of saturation at pinch-off, VG > VT and 
VD = (VG - VT); (c) strong saturation, VG > VT and VD > (VG - VT ).

MOS Operation: A Qualitative View



I-V Equations of NFET



NFET in saturation region



NFET in saturation region: 2nd order effects



NFET in saturation region: complete



Current-Voltage equation of the nMOS

 CMOS Digital Integrated 
Circuits – 4th Edition 36 
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Current-Voltage equation of the pMOS
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MOSFET MOSFET 
Capacitance Capacitance 
ModelsModels
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MOSFET – Saturation Region



Capacitance Summary



Capacitance Summary

CGS0 = COXWLD

CGD0 = COXWLD

CGB0 ~ 0 (small)



Drain/Source Capacitance



Drain/Source Capacitance



Depletion Region Capacitance

Zero-bias junction capacitance per unit area



Depletion Region Capacitance
• Notice that external bias voltages V which can be VSB or 

VDB will be assigned as positive values but they should be 
used in all equations as negative numbers because source 
and drain are n+ materials and bulk is p material.

• In all equations where we use V if voltage is given as 
positive value in the problem statement use it as negative 
value

• Please see Examples 3.8 and 3.9 from  the textbook on 
pages 159 thru 162



Depletion Region Capacitance



Depletion Region Capacitance









MOSFET ScalingMOSFET Scaling







Scaling Effects






