
Theory of Semiconductor Devices
(반도체 소자 이론)

Young Min Song

Associate Professor

School of Electrical Engineering and Computer Science

Gwangju Institute of Science and Technology

http://www.gist-foel.net

ymsong@gist.ac.kr, ymsong81@gmail.com

A207, ☎2655

Lecture 12. Fundamentals of the MOSFET (2)

http://www.gist-foel.net/
mailto:ymsong@gist.ac.kr
mailto:ymsong81@gmail.com


Field-effect transistors: Family Tree

The MOSFET is the main member of the family of field-effect transistors. 

A transistor is a three-terminal device where the channel resistance between two of the contacts is controlled by the 

third. The difference between the field-effect transistor and the potential-effect transistor is the way the control is 

coupled to the channel.

In and FET, the channel is controlled capacitively by an electric field, and in a PET, the channel’s potential is 

accessed directly.

Conventionally in FETs, the channel carriers flow from the source to the drain, and the control terminal is called 

the gate.

In PETs, these corresponding terminals are called emitter, collector, and base, respectively. The bipolar transistor is 

a good representative of the PETs.



Field-effect transistors: Family Tree



MOSFET Structure

N-channel enhancement-mode MOSFET

N-channel depletion-mode MOSFET

P-channel enhancement-mode MOSFET

P-channel depletion-mode MOSFET



MOSFET Structure



Current-Voltage Relationship

For small VDS :

Saturation Current

Potential drop across oxide at the drain 

terminal is equal to VT : (incremental 

conductance at the drain end is zero)



Current-Voltage Relationship



N-channel enhancement-mode MOSFET N-channel depletion-mode MOSFET

ID vs. VGS curves for small VDS Ideal vs. VGS in saturation modeDI



P-channel MOSFET Transconductance

Substrate Bias Effects (Body Effects) Negative bias at the substrate 

push the inversion electron 

through the source terminal. 

low inversion charge  Need 

more Gate voltage.

VSB = 0
VSB > 0



Small-Signal Equivalent Circuit

High frequency small signal equivalent circuit of common-source n-MOSFET



CMOS Fabrication Technology

P-well structure

N-well structure

Twin-well structure

CMOS Inverter

CMOS Inverter 

(Cross-section)



Subthreshold Conduction

Subthreshold current :

фfp <  фs < 2фfp

Subthreshold current with different 

substrate bias voltages.

Accumulation

Weak Inversion

Strong Inversion

Subthreshold Swing

(SS : mV/decade) 

: Gate voltage required to 

increase the subthreshold 

current ten times larger.



Channel Length Modulation

With VDS at drain side

( )sat fp DSV sat  



Mobility Variation and Drift Velocity Saturation

Mobility is NOT constant 

-Surface scattering due to vertical gate electric field

-Carrier drift velocity saturation



Constant-Field Scaling

What other parameters must be scaled as the channel length is scaled down ?

Device dimensions and device voltages be scaled such that electric field (both horizontal and vertical) remains 

essentially constant.

For the depletion length to be scaled, substrate 

doping should be inversely scaled.

As the channel width is reduced by k , then the drain 

current is also reduced by k .

Threshold voltage does not scale directly with the scaling 

factor k .

: depend on the materials

In reality, electric field tend to increase as device 

dimension shrink.



Short-Channel Effects

As the channel length decreases, the threshold 

voltage shifts in the negative direction.

Channel depletion charge is shared by 

source/drain junction depletion charge

Narrow-Channel Effects

The effect of the end space of the channel width 

becomes significant as the width W decreases.



Breakdown in MOSFET

Oxide Breakdown : Over 6ⅹ106 V/cm  Vbv of 20Å thick oxide is 1.2 V .

Avalanche Breakdown in the drain corner : 

Vbv with Nsub = 3ⅹ1016 cm-3 is less than 25 V .

Snapback Breakdown : Forward active Turn-on of Parasitic Bipolar 

transistor ( EBC : source-body-drain)

Avalanche-generated reverse current in drain-side depletion area increases the voltage of substrate near source area. 

 The increased substrate (p-type) voltage make the p-n junction (sub-to-source) turn on and injected electrons 

from the source are diffused into drain to increase the drain current further.



Punch-through Effects and Drain-Induced-Barrier-Lowering

Punch-through : Current can flow through the very closed (or contacted ) source and drain depletion regions in the 

MOSFET with lightly doped substrate and short channel length.

DIBL : In short channel MOSFET, large drain voltage reduces the barrier height in the source side.

Long-channel MOSFET

short-channel 

with large VDS

Punch-through current

Lightly-Doped-Drain (LDD) Structure : reduce the peak electric field in depletion region

Conventional LDD type



Ionized Radiation and Hot-electron Effects

Ionized radiation can produce additional fixed oxide charge and also additional interface states.

Makes reliability-related issues.

Hot electron : the generated high energy electrons in drain-side 

depletion region at high VDS

Can tunnel into oxide or further into gate

Negative local oxide charge and gate current

Continuous process and degrade the reliability of devices.

Radiation-induced VFB shifts


