
 

 

 

 

Chapter 4 

 

Field-Effect Transistors  

 

 

Metal-oxide semiconductor field effect transistor 
(MOSFET)  

 

and 

Junction field-effect transistor (JFET)



4.1 Characteristics of the MOS capacitor 
 

MOS capacitor is essential to MOS transistor operation  
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Figure 4.1 - MOS capacitor structure on p-type silicon
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4.2   Structure of the NMOS transistor 
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4.3    Qualitative I-v behavior of the NMOS transistor 
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Figure 4.3 - (a) NMOS transistor structure (b) cross section

 and (c) circuit symbol
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4.4  Linear region characteristics of the NMOS  transistor 
 
The electron charge per unit length at point x 

)('''
TNoxOX VvWCQ −−=   C/cm   for   TNox Vv >=    (*) 

 

where   OXOXOX TC /'' ε= , oxide capacitance per unit 

area (
2F/cm ) 

 

           =OXε  oxide permittivity   1)/( cmF  

           =OXT  oxide thickness (cm). 
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Figure 4.5 - Model for determining i-v characteristics of the NMOS transistor  
 



 

oxv   represents the voltage across the oxide and is a 
function of position x in the channel  

)(xvvv GSOX −=  
where   

)(xv = voltage at any point x in the channel referred 
to the source 

Note that oxv  must exceed  TNV  for an inversion 

layer to exist, so 'Q will be zero until   TNox Vv >  . 

At the source end of the channel GSOX vv = , and it 

decreases to   DSGSOS vvv −=     at the drain end of 
the channel. 
 
The electron drift current at any point in the channel 
is given by the product of the charge per unit length 
times the velocity xv  

)()()( ' xvxQxi x=  
The charge 'Q  is represented by Eq.(*) and  the 

velocity xv  of electrons in the channel is determined 



by the electron mobility and the transverse electric 
field in the channel, so 
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xnTNOXOXx EVvWCvQxi µ−−−==  

The transverse electric field is equal to the negative of 
the spatial derivative of the voltage in the channel 

dx

xdv
Ex

)(−=  

So the current at any point in the channel 
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Integrating  )(xi  along the channel, we get 
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or  

DS
DS

TNGSNDS v
v

VvKi )
2

( −−=   where L

W
KK nn

'=  

  
Interpretation of the Linear Region I-V characteristic 

 
The resistance of the FET in the linear region near 
the origin, called the on-resistance Ron, is defined as 
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F igure 4 .6  - N M O S i-v characteristics in the linear region  (V SB  =  0 ) 
 



 
 

4.4    Saturation of the I-V characteristics 
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Figure 4.7  - (a) MOSFET in the linear region

(b) MOSFET with channel just pinched off at the drain

(c) Channel pinch off for vDS > vGS - VTN



 

Since the voltage across the inverted channel is 
constant, the drain to source current in saturation is 
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 Figure 4.9 - Output characteristics for an NMOS transistor with  

VTN = 1 V and Kn = 25 x 10-6 A/V2 
 



also constant ( independent from DSV ) 
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Figure 4.10 - Output characteristic showing intersection of the linear 

region and saturation region equations at the pinchoff point 
 



 
 
4.6  Channel-length modulation 
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Figure 4.12 - Channel length modulation 
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F ig u r e  4 .1 1  -  O u t p u t  c h a r a c t e r is t ic s  in c lu d in g  t h e  e f f e c t s  o f  

c h a n n e l  l e n g t h  m o d u la t io n  
 



There is an effective reduction of the channel length 
by increasing  DSV  in saturation ( L∆ increases).  

This causes some increase in DSi  
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where λ is called channel-length modulation 
parameter 
 
NMOS Transistor mathematical model summary 
 
For all regions     

00'' === BGoxnn ii
L

W
CK µ  

Cutoff region: 
0=DSi    for  TNGS Vv ≤  

Linear region: 

DS
DS

TNGSNDS v
v

VvKi )
2

( −−=    for 0≥≥− DSTNGS vVv  

Saturation region: 

)1()(
2

2
DSTNGS

N
DS vVv

K
i λ+−=    for 0≥−≥ TNGSDS Vvv  



 
4.7   Transfer characteristics and the depletion-mode 
MOSFET 
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Figure 4.13 - Transfer characteristics for enhancement-mode and 

depletion-mode NMOS transistors 
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4.8  Body effect or substrate sensitivity 
 
 

)22( FFSBTOTN vVV φφγ −++=  
 

Where TOV      = zero-substrate-bias value for )(VVTN  
   γ  = body-effect parameter V  

  Fφ2   = surface potential parameter (V) 
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Figure 4.15 - Threshold variation with source-bulk voltage for a NMOS 
transistor with VTO = 1 V, 2φF = 0.6 V and γ = 0.75   V . 

 



4.9   PMOS transistors 
 
PMOS transistor mathematical model summary 
For all regions      
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Figure 4.16 - Cross section of an enhancement-mode PMOS transistor 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Current and voltage relationships in PMOS are like 
in NMOS except that their polarities are reversed. 
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 Figure 4.17 - Output characteristics for a PMOS transistor with  
VTP = -1 V 

 



MOSFET circuit symbols and model summary 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In these symbols arrow points in the direction of the 
positive current 
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Mathematical Model Summary 
 
 
NMOS Transistor model summary 
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PMOS transistor mathematical model summary 
 
For all regions               
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Threshold voltage: 
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Figure 4.19 - NMOS and PMOS transistor circuit symbols 

 

  
           Table 4.1 - Categories of MOS Transistors 

  
  
 
                                            NMOS Device    PMOS Device  
 
     Enhancement-mode  VTN > 0  VTP < 0  
 
     Depletion-mode       VTN <= 0     VTP >=0 


