CHAPTER 4

MOS Field-Effect
Transistors (MOSFETS)
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INTRODUCTION

* The basic principle involved 1s the use of the voltage
between two terminals to control the current flowing
in the third terminal.

* Also, in the extreme, the control signal can be used to
cause the current in the third terminal to change from
zero to a large value, thus allowing the device to act
as a switch.

 There are two major types of three-terminal semi-

conductor device: the metal-oxide-semiconductor
field-effect transistor (MOSFET), and bipolar
junction transistor (BJT).
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« The MOSFET has become by far the most widely

used electronic device, especially in the design of
integrated circuits (ICs).

 Compared to BJTs, MOSFETs can be made quite
small.Also, their operation requires comparatively
little power.

* All of these properties have made 1t possible to pack
large numbers of MOSFETs (>200 million!) on a
single IC chip to implement very sophisticated, very-
large-scale-integrated (VLSI) circuits.
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4.1 DEVICE STRUCTURE AND
PHYSICAL OPERATION

4.1.1 Device Structure

* Figure 4.1 shows the physical structure of the n-
channel enhancement-type MOSFET.

* The transistor 1s fabricated on a p-type substrate.

 Two heavily doped n-type regions, indicated in the
figure as the n* source and the »n* drain regions, are
created 1n the substrate.
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Figure 4.1 Physical structure of the enhancement-type NMOS transistor: (a) perspective view; (b) cross-section.
Typically L = 0.1 to 3 pm, W= 0.2 to 100 pm, and the thickness of the oxide layer (t, ) is in the range of 2 to 50 nm.
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A thin layer of silicon dioxide (S10,) of thickness ¢
(typically 2-50 nm). which 1s an excellent electrical
insulator, 1s grown on the surface of the substrate,
covering the area between the source and drain
regions.

* Metal 1s deposited on top of the oxide layer to form
the gate electrode.

* Metal contacts are also made to the source region, the
drain region, and the substrate, also known as the

body.

* Thus four terminals are brought out: the gate terminal
(G), the source terminal (S), the drain terminal (D),
and the substrate or body terminal (B).
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Another name for the MOSFET is the insulated-gate
FET or IGFET.

It will be shown that a voltage applied to the gate
controls current flow between source and drain. This
current will flow 1n the longitudinal direction from
drain to source 1n the region labeled “channel region.”

Note that this region has a length L and a width W.
Typically, L 1s in the range of 0.1 um to 3 um, and W
1s 1n the range of 0.2 ym to 100 gm.

Finally, note that the MOSFET 1s a symmetrical
device; thus its source and drain can be interchanged
with no change 1n device characteristics.
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4.1.2 Operation with No Gate Voltage

* With no bias voltage applied to the gate, two back-to-
back diodes exist in series between drain and source.

 These back-to-back diodes prevent current
conduction from drain to source when a voltage v, 1s
applied. In fact, the path between drain and source

has a very high resistance (of the order of 1012 ().
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4.1.3 Creating a Channel for
Current Flow

* In Fig. 4.2. Here we have grounded the source and
the drain and applied a positive voltage to the gate.

* The positive voltage on the gate causes, in the first
instance, the free holes (which are positive charged)
to be repelled from the region of the substrate under
the gate. These holes are pushed downward into the
substrate, leaving behind a carrier-depletion region.
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Figure 4.2 The enhancement-type NMOS transistor with a positive voltage applied to the gate.

An n channel is induced at the top of the substrate beneath the gate.
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* As well, the positive gate voltage attracts electrons
from the n™ source and drain regions into the channel
region.

 When a sufficient number of elections accumulate
near the surface of the substrate under the gate, an n

region 1s 1n effect created, connecting the source and
drain regions, as indicated in Fig. 4.2.

* Now i1f a voltage 1s applied between drain and source,
current flows through this induced n region.

 The induced »n region thus forms a channel for
current flow from drain to source.
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 The MOSFET of Fig. 4.2 i1s called an n-channel
MOSFET or, alternatively, an NMOS transistor.

» The induced channel is also called an Inversion layer.

* The value of v, at which a sufficient number of
mobile electrons accumulate in the channel region to
form a conducting channel is called the threshold
voltage and is denoted V..

* The value of ¥, 1s controlled during device fabrication
and typically lies in the range of 0.5 V to 1.0V.
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 The gate and the channel region of the MOSFET
form a parallel-plate capacitor, with the oxide layer
acting as the capacitor dielectric.

« An electric field thus develops 1n the vertical

direction. It 1s t
Cl
Cl

f

his field that controls the amount of

harge 1n the ¢

appliled.
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hannel, and thus 1t determines the

nannel conductivity and, in turn, the current that will
ow through the channel when a voltage v,¢ 1s
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4.1.4 Applying a Small V¢

* We now apply a positive voltage v between drain
and source, as shown 1n Fig. 4.3.

* The voltage v,¢ causes a current i to flow through
the induced n channel. Current is carried by free
electrons traveling from source to drain.

 The magnitude of i, depends on the density of
electrons in the channel, which in turn depends on the
magnitude of v.
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* Specifically, for v = V,, more electrons are attracted
into the channel.

 The result 1s a channel of increased conductance or,
equivalently, reduced resistance. In fact, the
conductance of the channel 1s proportional to the
excess gate voltage (v - V), also known as the
effective voltage or the overdrive voltage.

* Figure 4.4 shows a sketch of i, versus v, for various
values of v,q We observe that the MOSFET 1is
operating as a linear resistance whose value 1s
controlled by v .
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Figure 4.3 An NMOS transistor with v, > V, and with a small v, applied. The device acts as a
resistance whose value is determined by v.. Specifically, the channel conductance is proportional
to v,y — ¥, and thus i, is proportional to (v, — V) v, Note that the depletion region is not shown

(for simplicity).
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* The resistance 1s infinite for v = V,, and its value
decreases as v exceeds V..

r

* Then, increasing vyq above the threshold voltage 7V,
enhances the channel, hence names enhancement-
mode operation and enhancement-type MOSFET.

 Finally, we note that the current that leaves the source
terminal (i) 1s equal to the current that enters the
drain terminal (i,,), and the gate current i, = 0.
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Figure 4.4 The i,—v, characteristics of the MOSFET in Fig. 4.3 when the voltage applied
between drain and source, v),; is kept small. The device operates as a linear resistor whose value
is controlled by v .
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4.1.5 Operation as v Is Increased

* As we travel along the channel from source to drain,
the voltage (measured relative to the source) increases
from 0 to vjyq.

* Thus the voltage between the gate and points along
the channel decreases from v at the source end to
Vas — Vpg at the drain end.

* Since the channel depth depends on this voltage, we
find that the channel 1s no longer of uniform depth.
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* As vpg 1s 1increased, the channel becomes more
tapered and its resistance increases correspondingly.

* When vpq 1s increased to the value that reduces the
voltage between gate and channel at the drain end to
V. ---that 1s,

* Vgp =V, or vgg — vpg = V01 vpg = vgg =V,
the channel depth at the drain end decreases to almost
zero, and the channel is said to be pinched off.

Microelectronic Circuits - Fifth Edition Sedra/Smith Copyright@2005_Organized by Dalton Lin

20



* At the value reached for v, g = v — V,. The drain
current thus saturates at this value, and the MOSFET
1s said to have entered the saturation region of
operation.

Vpssat = Vaos — Vi (4.1)
* The region of the i, — v,¢ characteristic obtained for
Vs < Vpgo 18 called the triode region.
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Figure 4.5 Operation of the enhancement NMOS transistor as v/ is increased. The induced
channel acquires a tapered shape, and its resistance increases as v, is increased. Here, v is
kept constant at a value > V.
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4.1.6 Derivation of the 15-vpg

Relationship

* In the MOSFET, the gate and the channel region form
a parallel-plate capacitor for which the oxide layer

serves as a dielectric.
 If the capacitance per unit gate area 1s denoted C .
and the thickness of the oxide layer 1s ¢, then
CO)C: 50)6 / tO.X (4'2)
* Where ¢ , 1s the permittivity of the silicon oxide

£=3.9 £,7=3.9%8.854x10-12=3.45x10-!"! F/m
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iy = (,Co )N (Vas =V, )vps = 2 voos (4.5)

 The value of the current at the edge of the triode

region or, equivalently, at the beginning of the

saturation region can be obtained by substitutin v, =
Vg — V. resulting in

iy = (1,5 =) (46)

« The process transconductance parameter is
denoted k,’

k=, C (4.7)

ox
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i, =k

n

w 1
'T[(VGS —V,)Vps — EszS] (triode region) (4.5.2)

1w ) (saturation region) (4.6.a)
ip=—k,'— s —V)

2 L
e The drain current is proportional to the ratio of the
channel width 7 to the channel length L, known as

the aspect ratio of the MOSFET.

 For a given fabrication process, however, there 1s a
minimum channel length, L

min*
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e In fact, the mimmimum channel length that 1s possible
with a given {fabrication process 1s used to
characterize the process and i1s being continually
reduced as technology advances.

 MOS technology is a 0.13- «#m process, meaning that
for this process the minimum channel length possible

1s 0.13 «m.

* { = 2nm.
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Micro

4.1.7 The p-Channel MOSFET

« A p-channel enhancement-type MOSFET (PMOS
transistor), fabricated on an n-type with p* regions for
the drain and source, has hoes as charge carriers.

 The device operates in the same manner as the n-
channel device except that v,¢ and v, are negative
and the threshold voltage V, 1s negative.

* Also, the current i, enters the source terminal and
leaves through the drain terminal.

« NMOS devices can be made smaller and thus operate
faster, and because NMOS historically required lower
supply voltages than PMOS.
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4.1.8 Complementary MOS or CMOS

As the name 1mplies, complementary MOS
technology employs MOS transistors of both
polarities.

Indeed, at the present time CMOS 1s the most widely
used of all the IC technologies.

Figure 4.9 shows cross-section of a CMOS chip
illustrating how the PMOS and NMOS transistors are
fabricated. Observe that while the NMOS transistor 1s
implemented directly in the p-type substrate, the
PMOS transistor 1s fabricated in a specially created n
region, known as an n well.
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4.2 CURRENT-VOLTAGE
CHARACTERISTICS

4.2.1 Circuit Symbol

o The drain is always positive relative to the source in
an n-channel FET.
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Figure 4.10 (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). (¢) 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.
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4.2.2 The I5-vys Characteristics

* Figure 4.11(a) shows an n-channel enhancement-type
MOSFET with voltages v and v, ¢ applied and with
the normal directions of current flow indicated.

* That there are three distinct regions of operation: the
cutoff region, the triode region, and the saturation
region.

* The saturation region 1s used 1if the FET 1s to operate
as an amplifier.

 For operation as a switch, the cutoff and triode
regions are utilized.

Microelectronic Circuits - Fifth Edition Sedra/Smith Copyright@2005_Organized by Dalton Lin

31



i (MA) &

Ve = -V, |
e Tn?{?c-!ge - | Ups = tgs — V,

region

r-:— Saturation region ————>=

=V, + 20

Ung

i
vl

=V, + 1.0

=V, +05
-
s (V)

ss = V, (cutoff)

Figure 4.11 (a) An n-channel enhancement-type MOSFET with v and v,,; applied and with the normal directions of
current flow indicated. (b) The i,—v,, characteristics for a device with &’ (W/L) = 1.0 mA/V2.
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* To operate the MOSFET 1n the triode region we must
first induce a channel,

Vas= V, (Induced channel) (4.8)

* And then keep v, small enough so that the channel
remains continuous. This 1s achieved by ensuring
that the gate-to-drain voltage 1s

Vep =V, (Continuous channel) (4.9)

Vep = Vags T Vsp = Vas — Vpss
Vs — Vps =V,
Vps < Vas—V, (Continuous channel) (4.10)
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o The n-channel enhancement-type MOSFET operates
in the triode region when v is greater than V, and
the drain voltage is lower than the gate voltage by at
least V, volts.

 In the triode region, the i,-v,, characteristics can be
described by

Iy :kn'%[(vGS_I/t)VDS_%VZDS] (411)

where k,” = «,C . 1s the process transconductance
parameter.
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* If vy 1s sufficiently small

. W 4.12
ip =k, I(VGS —V,)Vps ( )

* Specifically, for v set to a value Vi, ¢ 1S given by
(4.13)

Ve |V w _
in Vos = Vs L

* It 1s also useful to express r,¢ 1n terms of the gate-to-
source overdrive voltage
Vor=Ves Vi (4.14)

4.1
Yps = 1/[kn'(%)VOV] (3.15)
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To operate the MOSFET 1 the saturation region, a
channel must be induced,

ves= V,  (Induced channel) (4.16)
vep= V. (Pinched-off channel) (4.17)
vps= VoV, (Pinched-off channel) (4.18)

The n-channel enhancement-type MOSFET operates
in the saturation region when v is greater than V,
and the drain voltage does not fall below the gate
voltage by more than V, volts.

The boundary between the triode region and the
saturation region is characterized by

Vps= Vs - V, (Boundary) (4.19)
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* Substituting this value of V¢ into Eq. (4.11)

, |
'p :Ekn I(VGS_I/I)Z

(4.20)
e Since the drain current 1s independent of the drain
voltage, the saturate MOSFET behaves as an ideal
current source whose value 1s controlled by v

according to the nonlinear relationship in Eq. (4.20).

* Figure 4.13 shows a circuit representation of this
view of MOSFET operation 1n the saturation region.
Note that this is a large-signal equivalent-circuit
model.
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Figure 4.13 Large-signal equivalent-circuit model of an n-channel MOSFET operating in the
saturation region.
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4.2.4 Characteristics of the p-Channel
MOSFET

* The circuit symbol for the p-channel enhancement-
type MOSFET is shown 1n Fig. 4.18(a).

* Recall that for the p-channel device the threshold
voltage V, 1s negative. To induce a channel we apply
a gate voltage that 1s more negative than V..

V=V, (4.27)

* And apply a drain voltage that 1s more negative than
the source voltage.
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To operate 1n the triode region Vg must satisty
Vps= Ves Vi (4.28)

This 1s, the drain voltage must be higher than the gate
voltage by at least |V)|.

. /4 1
Ip = kp 17 —[(Ves =V Vs _EszS] (4.29)
k, = ,Cox (4.30)
Operate 1n saturation, v,¢ must satisty the relationship
Vps =Vgs-V, (4.31)
1
ip=—k '_(VGS =V (14 Avpg) (4.32)

2 "L
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Figure 4.18 (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. (d) The MOSFET with voltages applied and
the directions of current flow indicated. Note that v and v,,; are negative and i), flows out of the drain terminal.
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4.2.5 The Role of the Substrate---
The body Effect

« The body voltage control i,; thus the body acts as
another gate for the MOSFET, a phenomenon known
as the body effect.

 Here we note that the parameter 9~ 1s known as the
body-effect parameter.
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4.2.6 Temperature Effects

* The magnitude of V, decreases by about 2 mV for
every 1°C rise in temperature.

* This decrease in |V gives rise to a corresponding
increase 1n drain current as temperature is increased.
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4.3 MOSFET CIRCUITS AT DC

EXAMPLE 4.2

Design the circuit of Fig. 4.20 so that the transistor operates at[,=0.4 mA and V,=+0.5 V. The
NMOS transistor has V,=0.7 V, u,C,, = 100 pA/V L =1 um, and W = 32 um. Neglect the
channel-length modulation effect (i.e., assume that A = 0).

Vss= =25V FIGURE 4.20 Circuit for Example 4.2.
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Solution

Since V,=0.5 V is greater than V;, this means the NMOS transistor is operating in the saturation
region, and we use the saturation-region expression of ij, to determine the required value of Vg,

W
j'.E.'.l‘ = %“ncmu(vﬁj" Vr)z

Substituting Vgs — V, = Vo, Ip = 0.4 mA =400 pA, u,C,, = 100 #ANE, and W/L = 32/1 gives

400 = %xlﬂﬂx%t’%p

which results in
Voy =05V
Thus, Vs = V,+Voy =07405 =12V
Referring to Fig. 4.20, we note that the gate is at ground potential. Thus the source must be at—1.2 V,

and the required value of Ry can be determined from

R. = ";5__1"&5‘ - —1.2 - (=25) = 325 kQ
d ks 0.4

To establish a dc voltage of +0.5 V at the drain, we must select R, as follows:

Voo— Vb _ 25-00 _ 5k0
In 0.4

Rﬂ.=
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Analyze the circuit shown in Fig. 4.23(a) to determine the voltages at all nodes and the currents
through all branches. Let V, = 1 V and k,(W/L) = 1 mA/V2. Neglect the channel-length
modulation effect (i.e., assume A = 0).

Vop = +10V +10V
A A A
fosua 2§
Rm—I{JMﬂg §Rn=6kﬂ 1{1Mﬂ§
0 10 = 61,
-—l|: B
6 1,
(a) (b)

FIGURE 4.23 (a) Circuit for Example 4.5. (b) The circuit with some of the analysis details shown,
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Solution

Since the gate current is zero, the voltage at the gate is simply determined by the voltage divider
formed by the two 10-MX£Q resistors,

R
62 = 10 5-—12

Vppe—2— = = +5V
OR xR 10+ 10

Vg =

With this positive voltage at the gate, the NMOS transistor will be turned on. We do not know,
however, whether the transistor will be operating in the saturation region or in the triode region.
We shall assume saturation-region operation, solve the problem, and then check the validity of
our assumption. Obviously, if our assumption turns out not to be valid, we will have to solve the
problem again for triode-region operation.

Refer to Fig. 4.23(b). Since the voltage at the gate is 5 V and the voltage at the source is
I, (mA) X6 (kf2) = 61, (V), we have

Visg & 56T
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1,, W 2
Thus I, is given by Ip = Ekn I(VGS - V)

%xlx(Suﬁf,}—l)z

which results in the following quadratic equation in [j:
1817, —251,+8=0

This equation yields two values for I: 0.89 mA and 0.5 mA. The first value results in a source
voltage of 6 x 0.89 = 5.34, which is greater than the gate voltage and does not make physical
sense as it would imply that the NMOS transistor is cut off. Thus,
I, = 0.5 mA
Ve =05x6=+3V
Ves =53-3 =2V
Vp=10-6%x05 =47V

Since V> V- V,, the transistor is operating in saturation, as initially assumed.
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The NMOS and PMOS transistors in the circuit of Fig. 4.25(a) are matched with k(W ,/L,) =
k(W,/L,) =1 mA/V> and Viu = =V,, = 1V. Assuming A = 0 for both devices, find the
drain currents iy and i,p, as well as the voltage v, for v, = 0V, +25V, and -2.5 V.

+2.5 ¥ +2.5V
A A
—i[* o, —i[ o
.# ipp + A
Uy O—+ ¢ +—O0 g 0OVo—e ’ +—O i

Yy - Yy =
=25V =23V
(a) (b)
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FIGURE 4.25 Circuits for Example 4.7.
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Solution

Figure 4.25(b) shows the circuit for the case v, = 0 V. We note that since Qy and Qp are perfectly
matched and are operating at equal |V 4| (2.5 V), the circuit is symmetrical, which dictates that
vy = 0V.Thus both Qy and Qp are operating with |V 5| = 0 and, hence, in saturation. The
drain currents can now be found from

Ipp= Dop=d w1 x25-1)
= 1.125mA

Next, we consider the circuit with v, = +2.5 V. Transistor O, will have a V; of zero and

thus will be cut off, reducing the circuit to that shown in Fig. 4.25(c). We note that v, will be
negative, and thus vg, will be greater than V|, causing Qy to operate in the triode region. For
simplicity we shall assume that v is small and thus use

Ipy = ky(W,/L)(Vgs=V)Vps
= 1[2.5-(-2.5)-1][vg - (-2.5)]
From the circuit diagram shown in Fig. 4.25(c), we can also write
0-1vy
10 (kQ2)
These two equations can be solved simultaneously to yield
Ipy = 0244 mA v = —-2.44V

Note that Vg = —2.44 — (-2.5) = 0.06 V, which is small as assumed,

Finally, the situation for the case v, = -2.5 V [Fig. 4.25(d)] will be the exact complement
of the case v; = +2.5 V: Transistor Qy will be off. Thus Iy, = 0, Qp will be operating in the
triode region with /,, = 0.244 mA and v, = +2.44 V.

IDN {mA] -_
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4.4 THE MOSFET AS AN
AMPLIFIER AND AS A SWITCH

4.4.1 Large-Signal Operation-The
Transfer Characteristic

* Figure 4.26(a) shows the basic structure (skeleton) of
the most commonly used MOSFET amplifier, the
common-source (CS) circuit or ground-source.
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in A

tgs = Voo

Triode —:v-i-t:— Saturation
|

Voo
Ugs = Via
Rn Upe = H.H
;',,4(
o= Tos Vs = V}ﬁ
to— & I
: I
5 L} Q
b Jl_ vgs = Vip
—— | : Load-ling
S | | slope = —1/Rp,
(a) | l Ugs =
| | "
I |
0 Voc Vor=Via =V, Voo = Voso Von tps = Up

(h)

Figure 4.26 (a) Basic structure of the common-source amplifier. (b) Graphical construction to determine
the transfer characteristic of the amplifier in (a).
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1:"] M3

-
-

Time

(c)

Figure 4.26 (Continued) (C) Transfer characteristic showing operation as an amplifier biased at point Q.
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 The basic control action of the MOSFET 1s that
changes in vgs (here, changes in v, as vgs=v,) give
rise to changes 1n 1p, we are using a resistor Rp to
obtain an output voltage v,

Vo=Vps=Vpp-Rpip (4.35)
. Vo B 1
‘D = R, R, Vs (4.37)

 Figure 4.26(b) shows a sketch of MOSFET's ip-vps
characteristic curves superimposed on which 1s a

straight line representing the ip-vps relationship of

Eq.(4.37). The straight line 1n F1g.4.26(b) 1s known as
the load line.
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 For any given value of v;<V; the transistor will be
cut off, ip-vps curve and find v, from the point of
intersection of this curve with the load line.

 The circuit works as follows: Since vgs=v;, we see
that for v;</V,, the transistor will be cut off, ip will be

zero, and v,=vgs=Vpp. Operation will be at the point
labeled A.

 As v; exceeds V; the transistor turns on, ip increases,
and v, decreases. Since v, will initially be high, the
transistor will be operating in the saturation region.

* This corresponds to points along the segment of the
load line from A to B.
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It 1s obtained for Vgs=Vip and has the coordinates
VOQZ VDSQ and / DO.

Saturation-region operation continues until V
decreases to the point that 1t 1s below vi by V; volts.

At this point . vps=vgs-V: , and the MOSEFT enters
its triode region of operation.This 1s 1ndicate 1n
Fi1g.4.26(b) by point B.

Point B 1s defined by Vop=Vis-V;

For V> Vip, the transistor is driven deeper into the
triode region. The output voltage decreases slowly
towards zero.

Point C obtained for v;= Vpp.
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4.4.3 Operation as a Switch

lectro

When the MOSFET 1s used as a switch, it 1s operated
at the extreme points of the transfer curve.

Specifically, the device 1s turned off by keeping v,<

V: resulting 1n operation somewhere on the segment
XA with v,=Vpp.

The switch 1s turned on by applying a voltage close to
Vbpp, resulting in operation close to point C with v,
very small (at C, v,=V,.).

The common-source MOS circuit can be used as a
logic mverter with the “low” voltage level close to 0
V and the “high” level close to Vpp.

More elaborate MOS logic inverters are studied 1n
Section 4.10.
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4.4.4 Operation as a Linear Amplifier

* To operate the MOSFET as an amplifier we make use
of the saturation-mode segment of the transfer curve.

* The device 1s biased at a point located somewhere
close to the middle of the curve; point Q called the
guiescent point.
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4.4.5 Analytical Expressions for the

Transfer Characteristic

« The Cutoff-Region Segment, XA
Here, vi =V}, and v, = Vpp.
« The Saturation-Region Segment, AQB
vi=Vi, and vo =V Vs,
1 /4

Vo =Vop _ERD/unCOX f("] — Vt)z

_4dvo
v_a’vl

A, =-Ryu,Coy ( -V,)

VI :VIQ
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* Another simple and very useful expression for the voltage
gain can be obtained by substituting v/=V;p and v,=Vop1n Eq.
(4.39), utilizing Eq. (4.40), and substituting Vio-V:=Voy. The

result 1s V) 2,
v V., T V., (4.41)
where Vrp 1s the dc voltage across the drain resistor Rp; that 1s,
Veo=Vpp-Voo.

« The end point of the saturation-region segment 1s
characterized by

Vos=Vig-V, (4.42)
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* The Triode-Region Segment, BC
Here, vi = V;, and v, = v/-V..
/4

Vo =Vipp =R, Cox f[(vl V), _Ev(z)]

/4

Vo =Vpp = Rput,Cox Z(VI Vv,

w
Vo =V M1+ Ryu,Coy T(VI V)]

w
rps =1/ 1,Cox Z(VI V)l

Fps
Vps +R,

Vo =Vop

Usually, rps<<Rp
v
v, 2V, 2
o="p R,
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4.5 BIASING IN MOS AMPLIFIER
CIRCUITS

« An essential step in the design of a MOSFET
amplifier circuit 1s the establishment of an appropriate
dc operating point for the transistor.

 This 1s the step known as biasing or bias design.
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4.5.1 Blasing by Fixing Vs

e The most straightforward approach to biasing a MOSFET 1s
to fix its gate-to-source voltage Vs to the value required to

provide the desired /Ip.

1
] :E/’ln (VGS_V)

« Biasing by fixing Vs 1s not a good technique.
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4.5.2 Biasing by Fixing Vg and
Connecting a Resistance In the Source
* An excellent biasing technique for discrete MOSFET

circuits consists of fixing the dc voltage at the gate,
Vs, and connecting a resistance in the source lead, as

shown 1n Fi1g.4.30(a). For this circuit we
Vo=Vt R, (4.46)

» Resistor R, provides negative feedback, which acts to
stabilize the value of the bias current /p.

* R gives it the name degeneration resistance.
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* Figure 4.30(b) provides a graphical illustration of the
effectiveness of this biasing scheme.

* The intersection of this straight line with the ip-Vgs
characteristic curve provides the coordinates (/p and
Vs) of the bias point.

* Observe that compared to the case of fixed Vs, here
the variability obtained in Ip 1s much smaller.

 Two possible practical discrete implementations of
this bias scheme are shown in Fig. 4.30(¢) and (e).
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It is required to design the circuit of Fig. 4.30(c) to establish a dc dram current I, = 0.5 mA. The
MOSFET is specified to have V, =1 V and k,W/L =1 mA/V>. For simplicity, neglect the
channel-length modulation effect (i.e., assume 3. 0). Use a power-supply Vpp =15 V. Calculate
the percentage change in the value of I, obtained when the MOSFET is replaced with another
unit having the same k,W/L butV,=1.5V.

Solution

As a rule of thumb for designing this classical biasing circuit, we choose R, and R to provide
one-third of the power-supply voltage V), as a drop across each of Rp, the transistor (i.e., Vi)
and Rs. For Vp,, = 15 V, this choice makes V, = +10 V and Vs =+5 V. Now, since [}, is required
to be 0.5 mA, we can find the values of R, and Ry as follows:

Vop=Vp _ 15-10

= 10kQ
I 0.5

RD=

R = 10kQ

The required value of Vs can be determined by first calculating the overdrive voltage V,,, from
Ip = -k {WXL}VG.V

05 = %xlwi

which yields V,, = 1 V, and thus,
VGS = V,+VGV =141=2V
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Now, since V=45V, V; must be
VG = V5+VGS = 5+2 = ?V
To establish this voltage at the gate we may select R, = 8 MQ and R, = 7 M£2. The final circuit

is shown in Fig. 4.31. Observe that the dc voltage at the drain (+10 V) allows for a positive signal
swing of +5 V (i.e., up to V) and a negative signal swing of -4 V [i.e., down to (V- V))].

A
I, =
0.5 mA
3Mﬂ§ gRD=mka

Ve=+TV o ¢ :l

o V,=+5V

fﬂ. =
0.5 mA

7 MQ §RS= 10 kQ

—_— — FIGURE 4.31 Circuit for Example 4.9.
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If the NMOS transistor is replaced with another having V,= 1.5 V, the new value of , can be

found as follows:
2 (4.47)

Solving Eqgs. (4.47) and (4.48) together yields
I, = 0.455 mA

Thus the change in I, 1s
Al = 0.455-0.5 = -0.045 mA

_%{?5 X 100 = -9% change.

which is
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Ve Ry f”' E= Slope = — 1 /R,
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14l {I"} {C-:I
V,rhl'l
E'II]I'I
R.“‘
R, I Rp 0 f'
R ; L
MM | R, Vi !
— Ry
Uy @ R(._ A =
- = e Vv

L

(e)

Figure 4.30 Biasing using a fixed voltage at the gate, V;, and a resistance in the source lead, Ry: (a) basic

arrangement; (b) reduced variability in /,; (C) practical implementation using a single supply; (d) coupling of a

signal source to the gate using a capacitor C,; (€) practical implementation using two supplies.
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4.5.3 Blasing Using a Drain-to-Gate

Feedback Resistor

* Fig. 4.32. Here the large feedback resistance R
(usually 1n the MQ range) forces the dc voltage at the
gate to be equal to that at the drain (because /,=0).
Thus we can write

Vs=Vps=VppRplp
Vop=VestRplp (4.49)
which 1s 1dentical in form to Eq. (4.46).
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Figure 4.32 Biasing the MOSFET using a large drain-to-gate feedback resistance, R..
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4.5.4 Biasing Using a Constant-

Current Source

 The most effective scheme for biasing a MOSFET
amplifier 1s that using a constant-current source.

* Figure 4.33(a) shows such an arrangement applied to
a discrete MOSFET.

« A circuit for implementing the constant-current
source I 1s shown 1n Fig. 4.33(b).
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10 source of

transistor {/

5 =}

in Fig. 4.33 (a)

I:Q IT V"’-‘
R, Q]ﬂ ':QE

M
= =
o
AN

- ""r.\'x o "”5',{

(a) (b)

Figure 4.33 (a) Biasing the MOSFET using a constant-current source /. (b) Implementation of the
constant-current source / using a current mirror.
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e Transistor O;,whose drain 1s shorted to its gate and
thus 1s operating in the saturation region, such that
1 w
I =§k'n (f)l(VGS—Vt)z (4.50)
where we have neglected channel-length modulation
(1.e., assumed A=0)

* The drain current of Q; is supplied by Vpp through
resistor R. Since the gate currents are zero,

Vo +V.—=V
]DIZIREF: o0 fegS = (451)

R 1s considered to be the reference current of the
current source and is denoted Irgr.
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* Now consider transistor O>: It has the same Vs as Qy;
thus 1f we assume that 1t 1s operating in saturation, its
drain current, which i1s the desired current I of the
current source, will be

1

2
where we have neglected channel-length modulation.

 Equation (4.51) and (4.52) enable us to relate the
current / to the reference current /.,

W/L),
WD), (4.53)

» This circuit, known as a current mirror, is very
popular in the design of IC MOS amplifiers.

. W 2
I= Iy =k, Vs =) (4.52)

~ T REF
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4.7 SINGLE-STAGE MOS
AMPLIFIERS

4.7.1 The Basic Structure

* Figure 4.42 shows the basic circuit we shall utilize to
implement the various configurations of discrete-
circuit MOS amplifiers.
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Figure 4.42 Basic structure of the circuit used to realize single-stage discrete-circuit MOS
amplifier configurations.
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TAELE 4.3 Characteristic Parameters of Amplifiers

Circuit

Definitions

B Qutput resistance:
v,

RMEI_

B Input resistance with no load:

!
R.-E#
b

X l'“-l-rl:I

RL:H

B Input resistance:

A s B Open-circuit overall voltage gain:
e _ G, = —=
@ Short-circuit current gain: Vsig| Ry
A, = fj B Overall voltage gain:
=0 G =t
Yoo,

®  Current gain:

Ao=22
L |\
B Shor-circuit transconductance:

I
G,= =

L]

-

i

k=il w =10
B Output resistance of amplifier proper:

]

I‘IT
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Equivalent Circuits
B A

B B:
K, L1
MAN—o0 o
+ 4
g 2 Rin Rﬁ, Rf_ iy
Gmlu';'
R C
R‘-iF RD[JI: _I;-..
AN O o
g L l;I?in G %RL i,
Relationships
E i = _,i,_ & Gl_. i Rin o RL
viig l;!"j'iﬂ. T R:;ig_ Ri., + Rsig RL + R.«:
R,
L A” = A:-rr RL n Gtm = ‘ wir
RL + Rd_ Rr’ s Rs:g
B A, =GR, - R,
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A
Common Source
H“ § (", 3
Ko f;r|| '— I ~ O s 0, Rm = RG
1
oo | | IR " A ==g, (0, IRy | R,)
e | Re !—"-—_]_ Rout =rO || RD
' _ = R
= ; e @; Ron GV:_—Ggm(rO”RDHRL)
R RG + Rsig
Y
o 'I{.,-_i,
V )
Common-Source with *;‘! Neglecting o -
Source Resistance !
§ Rﬁ Come Rin = RG
.I.. " O— o ou Av:_RD | R, :_gm(RD”RL)
IJ - L + RS 1 + ngS
R, g R, Rout = RD

ol IR | Ru G =— R, g.,(R,|IR,)
= ' " ' R;+R,, 1+g,Rs
Cs
@ d ? vgs 1

! v, l+g R

1
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Voo

Common-Drain or Source Follower
Common Gate Ry,

('.'”
| -
*.-\.
g B :
_ = Cg
% I -
Wy 1l R
: /
Uiig
— / V.u
N 1 . Rin = RG
eglecting r, -
& &70 A = o IR,

R = 1 1

in g (7’0 ” RL) +—
A = R, ||R

v gm( D|| L) ROM,ZT’O ||gm;L
Rout = RD m

1 G = R, "o I R,

G=——— R, ||R v T

Y 1+ngSig gm( D || L) RG +Rsig (VO||RL)+;

Table 4.4 (Continued)
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4.10 THE CMOS DIGITAL LOGIC
INVERTER

* For any IC technology used in digital circuit design,
the basic circuit element 1s the logic inverter.

* Once the operation and characteristics of the inverter
circuit are thoroughly understood, the results can be
extended to the design of logic gates and other more
complex circuits.

 The basic CMOS i1nverter 1s shown 1n Fig. 4.53.1t
utilizes two matched enhancement-type MOSFETS:
one, Oy, with an n channel and the other, Op, with a p
channel.
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Figure 4.53 The CMOS inverter.
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l .[“U f l
4 A lLoad curve
Ve (vsep = Vop)

—i[*e, %

Operating point

- Vo = Voo
=" = E A vgsy = Vor =0
T / J
- = 0 l’}m} i.’:
(a) (b) (c)

Figure 4.55 Operation of the CMOS inverter when v, is low: (@) circuit with v,= 0 V (logic-0
level, or V,,); (b) graphical construction to determine the operating point; (C) equivalent circuit.
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