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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Figure 4.3 - (@) NMOS transistor structure (b) crass section
and (c) drcuit symbol

Qualitativel-v behavior of the NMOS transistor
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Figure 4.4 - (a) \6s << VTN (b) Ves < VTN (¢) Vs > VTN
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Figure 4.5 - Model for determining i-v characteristics of the NMOS transistor

4.4 Linear region characteristics of the NMOS transistor
The electron charge per unit length at point x

Q =-WGCy (Vox =Vay) Clem for Vox >:VTN (*)

where Cox = €ox /Tox , Oxide capacitance per unit
area (F/cnt’)

Eox = oxide permittivity (F/cm)’
Tox = oxide thickness(cm).



Vox represents the voltage across the oxide and is a

function of position x in the channel
Vox = Vas ~ V(X)
where

V(X) = voltage at any pointx in the channel referred
to the source

Note that Vox must exceed Vrn for an inversion
layer to exist, soQ will be zero until  Yox >Voy

At the sourceend of the channelYox = Vs and it

decreases to Yos = Ves T Vbs  at thedrain 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 Vx

() = Q (X)V,(X)
The chargeQ is represented by Eq.(*) and the

velocity Yx of electrons in the channel is determined



by the electron mobility and the transverse electric
field in the channel, so

1(X) = QV, =[-WCqy (Vox =V Il —H,E,]
The transverse electric field is equal to the negative of
the spatial derivative of the voltage in the channel

E =- dv(X)
dx
So the current at any point in the channel

(%) = 11, W (Vs = V(X) ~Viy)] d;(xx)

1(X)dx = _I'lan)XW(VGS = V(X) —Viy)]dv(Xx)

Integrating 1(X) along the channel, we get

. . W V
lps = :unCox T (VGS _VTN - %S)VDS

or
W V

iDs = KI'\I T(VGS _VTN _%S)VDS

where K, = 1,Coy and Yos ™ Vrn == Vps >=0



or

) V
Ins = Ky (Vs =Vin = —22)Vps

K =k NV
2 L

where

Interpretation of the Linear Region I-V characteristic
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Figure 4.6 - NMOS i-v characteristics in the linear region (Vgg = 0)

The resistance of the FET in the linear region near
the origin, called the on-resistancdRkon is defined as
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4.4 Saturation of thel-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 forys > vgs - VTN



Figure 4.8 - Inversion layer in the saturation region, also known as the pinchoff
region

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
Vin =1V and K, =25 x 10-6 A/V2



also constant ( independent fronVps)
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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 4.11 - Output characteristics including the effects of
channel length modulation

Figure 4.12 - Channel length modulation



There is an effectivereduction of the channel length
by increasing Vos in saturation (AL increases).

This causes soméacreasein !bs

. K;]W
Ips = 5 T(VGS_ TN)2(1+/\VDS)

where A is calledchannel-length modulation
parameter

NMOS Transistor mathematical model summary

For all regions

Kn:unch% iG:O iB:O
Cutoff region:

ins=0 for Ves < Vi
Linear region:

_— Vps

Ips = Ky (Vos =V ~ 2 WVos for Ves —Viy 2Vps 20
Saturation region:
I<N

5 (Vos _VTN)2(1+/\VDS) for Vps=2Vgs—Viy 20

IDS



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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Figure 4.14 - Cross section of a depletion-mode NMOS

transistor



4.8 Body effect or substrate sensitivity

Vin =Vio +V(yVes + 20 —+/2¢5)

Where Vro  =zero-substrate-bias value foVm (V)
Y =body-effect parameternv
29 =surface potential parameter(V)
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Figure 4.15 - Threshold variation with source-bulk voltage for a NMOS
transistor with Vo =1V, 2([,: = 0.6 V and e 0.75 V.



4.9 PMOS transistors

PMQOS transistor mathematical model summary
For all regions

Kn::uncch% iG:O iB:O

Cutoff region:

lsp = 0 for VseS ~Vip(Ves 2 Vip)
Linear region:

: V
ISD - KP(VSG +VTP _§)VSD fOF VSG +VTP 2 VSD 2 O

Saturation region:

I, = K2P (Ve +V..)°(A+Av,) for Vsp 2 Veg Vi 20
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Figure 4.16 - Cross section of an enhancement-mode PMOS transistor
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Figure 4.17 - Output characteristics for a PMOS transistor with
VTP =-1V

Current and voltage relationships in PMOS are like
INn NMOS except that their polarities are reversed.



MOSFET circuit symbols and model summary

IEEE Standard MOS transistor circuit
symbols

N S &

O ||< O B

1. Y

(@) NMOS enhancement-mode device (b) PMOS enhancement-mode device

s i
b b

(c) NMOS depletion-mode device (d) PMOS depletion-mode device

Arrow points in the direction of bulk-channel diodes

G ﬁ G IH
HL:LS O_Lls

(e) Three-terminal NMOS transistor () Three-terminal PMOS transistor

B

In these symbols arrow points in the direction of the
positive current



Mathematical Model Summary

NMOS Transistor model summary

_ W . .
For all regions ~ Kn =HCo g =0 g =0

Cutoff region:
iDS =0 for Ves SVTN

Linear region:
Y

T — — DS
Ips = KN (VGS VTN 2 )VDS for ves —Viy 2Vps 20

Saturation region:

. K
Ips = 7N(VGS _VTN)2(1+/\VDS) fOr Vos = Vge—Voy 20

Threshold voltage:
VTN :VTO + y(\/ Vg T 2§0|: R, 2§0|: )




PMQOS transistor mathematical model summary

For all regions
K,=u,C W

L — |
OX G
L

Cutoff region:
ls0 =0 for Vse S ~Vip(Vas 2 Vip)

Linear region:

iSD = KP(VSG +VTP - VED)V

SD

for Vse +VTP 2 Vsp =0

Saturation region:

i = I<2P (VSG +VTP)2(1+AVSD) for VSD 2 VSG +VTP = O

Threshold voltage:

Vip =Vio ~ y(\/VBs +2¢ -\ 2¢ )
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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 Vin >0 Vip <O

Depletion-mode Vin<=0 V7 >=0



