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Linear resistance

Not Small vg

» AS v increases we can not assume a
constant voltage between the gate and
any point along the channel.

» The voltage at one end of the channel is O,
while at the other end is vpq
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n-channel

p-lype substrate

Figure 5.5 Operation of the enhancement NMOS transistor as v, is increased. The induced channel
acquires a tapered shape, and its resistance increases as v,
value > V; Ugs = V, +V

ov*

is increased. Here, Vg is kept constant at a
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L Voltage drop 7 Awerage i
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T Channel __J i‘ alVou
aVy e
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(1))
Figure 5.6 (a) For a MOSFET with v, =V, +V, , application of v, causes the voltage drop along the
channel to vary linearly, with an average value of ‘] v, at the midpoint. Since v, > V,, the channel still exists
at the drain end. (b) The channel shape corresponding to the situation in (a). While the depth of the channel
at the source end is still proportional oV, , that at the drain end is proportional to (V,,,—v ).
Microelectronic Circuits, Seventh Edition Sedra/Smith Copyright © 2015 by Oxford University Press
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in A

—— Tripde — ~——— Saturation —————>

(UpsS Vi) | (s 2 Vo)

Figure 5.7 The drain current i, versus the drain-to-source voltage v, for an enhancement-type NMOS
transistor operated with v, =V, +V,,.
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Channel Pinch-Off

* In the previous case, Vg is kept small such
that the vgp >V,

* When vps =V, , the channel width = 0 at
the drain =» Pinch-Off

* Increasing vy has no effect on the
channel shape and the current remains
constant
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Voltage

1 ' W 2 Y Valt. {nup ;T Average = 1V,

iD = — kn — oV along the channel

Channel _‘d___,-f""_f
) -_F'_F_'_,_,_.-‘" 1
__,—o-""-'_'-'-_‘d—
(h)y
Figure 5.8 Operation of MOSFET with v, =V, +V, . as w, is increased to V. At the drain end,

v, decreases (o V, and the channel depth al the drain ‘end reduces to zero (pinch-off). At this point, the
MOSFET enters the saturation mode of operation. Further increasing v, (beyond V. =V, ) has no
effect on the channel shape and i,, remains constant.
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n-ype substrate

Figure 5.9 (a) Physical structure of the PMOS transistor. Note that it is similar to the NMOS transistor
shown in Fig. 5.1(b) except that all semiconductor regions are reversed in polarity. (b) A negative voltage v

of magnitude greater than V,induces a p channel, and a negative v causes a current i? to flow from source
to drain.
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s G D D G L
Gate o
oxide

Thick Si0), (isolation)

nwell

Figure 5.10 Cross section of a CMOS integrated circuit. Note that the PMOS transistor is formed in a separate n-type
region, known as an n well. Another arrangement is also possible in which an n-type substrate (body) is used and the
n device is formed in a p well. Not shown are the connections made to the p-type body and to the n well; the latter
functions as the body terminal for the p-channel device.

Microelectronic Circuits, Seventh Edition Sedra/Smith Copyright © 2015 by Oxford University Press
D D D
o o o

— —» —»
o o o
L S S
(a) (b) (c)

Figure 5.11 (a) Circuit symbol for the n-channel enhancement-type MOSFET. (b) Modified circuit symbol with an
arrowhead on the source terminal to distinguish it from the drain and to indicate device polarity (i.e., n channel). (c)
Simplified circuit symbol to be used when the source is connected to the body or when the effect of the body on
device operation is unimportant.

Microelectronic Circuits, Seventh Edition Sedra/Smith Copyright © 2015 by Oxford University Press

3/17/2015



3/17/2015

Table 5.1 Regions of Operation of the Enhancement NMOS Transistor

n

Triode —mie— Saturation

Ups< oy | Ups = Vov
I

Th(E ) vor |-

Ung

tgs = Via + Yov

Cutoff
Slope = — U5 < Vim
e pd
Eos=py g
= k,',”_""]:r‘,,. Yoy Ung

B wgg <V, no channel; transistor in cutoff; i, = 0

B vge = V,, +ug,: achannel is induced; transistor operates in the triode region or the satu
ing on whether the channel is continuous or pinched ofT at the drain end;

|
13

ion region depend-

Triode Region Sarurarion Region
Continuous channel, obtained by: Pinched-off channel, obtained by:
Uip> Vi v S Vin
or equivalently: or equivalently:
Ups < Ugy Ups Z Uy
Then, Then

. (W) 1 ; 1. (W 2
'n = knlfb[f"u.\ Vin)Ups - 2vns n = 5*; {I]{"ax Viu

or equivalently, or equivalently,
i w 1 ! 2 1, /Wy 2
ip =k [I j |: Yoy E"m'_l Uing In = ik; [ T # Yoy
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Figure 5.12 The relative levels of the terminal voltages of the enhancement NMOS transistor for

operation in the triode region and in the saturation region.
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Figure 5.13 The i,,— v, characteristics for an enhancement-type NMOS transistor.
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t'u.s =V, (Cutoff)
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Figure 5.14 The i v, characteristic of an
NMOS transistor operating in the satura-
tion region. The i, v, characteristic can be
obtained by simply relabeling the horizontal
axis, that is, shifting the origin to the point
Vs = Ve
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ic=0 ip
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G o—=0 G D
4k +
UGS %k; % (Vs — Vm)z Ups
O I © O
S vgs = Vi

Ideal, back to this

Operating in Saturation point later
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Ups = Vgs — Vi
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Finite Output Resistance --Sat

Source Channel

Channel width
modulation

Drain

[

|
l
<
|
|
|
I

|
|
|
|
T
I
|

As vpg increases, the channel pinch off moves
away from the drain (L gets smaller).

Voltage across the channel remains v,,

A voltage drop of vps—V,, appears across the
small depletion region

This voltage accelerates the electrons that
reach the drain (increases current)

Ip

Microelectronic Circuits, Seventh Edition Sedra/Smith

2

Copyright © 2015 by Oxford University Press

1, (W
= kn o o%/(l"'/lVDS)

3/17/2015



ro__ﬁiD : 1 (W

_aVDS Vs Constant

r . -1
k. W )
ry=| A—2—WVgs —V;)
0 2 L GS t in A |
1 VA Triode 4—*‘4— Saturation ~———>

rO = I|
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ip = 0 when vpg =-1/A= -V,

Figure 5.17 Effect of v,; on i, in the saturation region. The MOSFET parameter V, depends on the process
technology and, for a given process, is proportional to the channel length L.

Microelectronic Circuits, Seventh Edition Sedra/Smith Copyright © 2015 by Oxford University Press
() i
—— : =
G o——C p———o D
t +
P | L 2 <
Vs 2 Iy rf”(;s = Vi) :: Ty Ups
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Figure 5.18 Large-signal, equivalent-circuit model of the n-channel MOSFET in saturation, incorporating
the output resistance r, . The output resistance models the linear dependence of i, on v, and is given by
Eq. (5.27).
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Figure 5.19 (a) Circuit symbol for the p-channel enhancement-type MOSFET. (b) Modified symbol with an

arrowhead on the source lead. (c) Simplified circuit symbol for the case where the source is connected to the

body.

Microelectronic Circuits, Seventh Edition Sedra/Smith Copyright © 2015 by Oxford University Press

Table 5.2 Regions of Operation of the Enhancement PMOS Transistor

inte— Triode —selee— Saturation —s
Usp < Jvigv| : =g |

Vg = |1r"4,-,| + |vov|
Cutoff
Usg < Vil

. [vavl Vsn
=k {L] [vav]
B g < | V) no channel; transistor in cutofl; i = 0

B g = |Vl + |ugy] ¢ a channel is induced; wransistor operates in the triode region or in the saturation region
depending on whether the channel is continuous or pinched off at the drain end;

i | 1

Triode Region Saturation Region
Continuous channel, obtained by: Pinched-off channel, obtained by:
Ung = |Vu|; Upg S |Vrp
or equivalently or equivalently
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Figure 5.20 The relative levels of the terminal voltages of the enhancement-type PMOS transistor for

operation in the triode region and in the saturation region.
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EXAMPLE

By Vi, = -1V, K,=60 pA/v2, W/L=10

Voltage A
S
Vg Threshold
Il
¢ B Overdrive
voltage
Vb

Figure E5.7
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Figure E5.7
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Figure 5.21 Circuit for Example 5.3.
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Example

» Redesign the previous circuit for: Vop=+25V
1.Vy=-Ves2.5V
2.V=1IV

3.1,C=60pA/N2. W/[=120/3
4.1;,770.3mA, V;=+0.4V
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Figure 5.22
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Figure E5.10
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