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MOSFETSs, Circuit symbols, Working and Characteristic curves of Depletion type MOSFET
(both N channel and P Channel) and Enhancement type MOSFET (both N channel and P
channel). Complimentary MOS (CMOS).

Introduction

We know about ordinary transistor. In this type of transistor, both holes and electrons
play part in the conduction process. For this reason, it is sometimes called a bipolar transistor.
The ordinary or bipolar transistor has two principal disadvantages. First, it has a low input
impedance because of forward biased emitter junction. Secondly, it has considerable noise
level. Although low input impedance problem may be improved by careful design and use of
more than one transistor, yet it is difficult to achieve input impedance more than a few
megaohms. The field effect transistor (FET) has, by virtue of its construction and biasing,
large input impedance which may be more than 100 megaohms. The FET is generally much
less noisy than the ordinary or bipolar transistor. The rapidly expanding FET market has led
many semiconductor marketing managers to believe that this device will soon become the
most important electronic device, primarily because of its integrated-circuit applications. In
this chapter, we shall focus our attention on the construction, working and circuit applications
of field effect transistors.

Types of Field Effect Transistors

A bipolar junction transistor (BJT) is a current controlled device i.e., output characteristics of
the device are controlled by base current and not by base voltage. However, in a field effect
transistor (FET), the output characteristics are controlled by input voltage (i.e., electric field)
and not by input current. This is probably the biggest difference between BJT and FET. There
are two basic types of field effect transistors:

Q) Junction field effect transistor (JFET)

(i) Metal oxide semiconductor field effect transistor (MOSFET) To begin with, we shall
study about JFET and then improved form of JFET, namely; MOSFET
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Characteristics of FET

l. FETSs have high input impedance.

Il. These devices are used in controlled switching between conducting and non-conducting states
in digital circuits.

Il FETSs are thermally stable.

Applications of FET
FET is used in circuits to reduce the loading effect.

FETs are used in many circuits such as Buffer Amplifier, Phase shift Oscillators and
Voltmeters.

- Comparison Between FET and BJT

Some of the general characteristics of FETs and BJT are compared below :

1 ‘One of the most important characteristics of the FET is that it is simpler to
fabricate and occupies less space on an IC chip than does a BJT. As & result the
component density in FET IC can be extremely high. '

2. A second important featuré is that the input impedance of the FET is very high
compared to that of a BIT.

3. The operation of a FET depends upon the flow of only one type of {(majority)
carrier. 1t is, therefore, & unipolar device in contrast to the BJT which is a
bipolar device. In FET carriers are transpofted by drift process whereas in BJT
the carriers move by the process of diffusion through the base.

4. The operation of a FET depends on the control of device current by the applied
- electric field. Thus the FET is voltage-controlled device whereas the BJT is
basically a current controlled device.

5. The FET is less noisy than the BJT.
6. The temperature dependence of FET is usually smaller than that of BJT.

7. FET has the ability to dissipate high power and switch large currents at a faster
rate than that achievable using BJT.~

8. FET has higher switching speed and can be operated at higher frequencies. This
is 50 because there is no minority catriers in FET. It can switch off faster since
no storage tharge has to be removed from the junction area.

0. The main disadvantage of the FET is the relatively low gain bandwidth product
compared with that which can be obtained with the BJT. In some cases FETs

become very susceptible to overload voltages and may require special hapdling
during installation. :



Junction Field-Effect Transistor (JFET)

Structure

The basic structure of an n-channel JFET is shown in Fig. 1. It consists of a
uniformly doped n-type semiconductor bar with two ohmic contacts at its two ends;
Current-is caused to fiow through the bar by applying a voltage between the end -
terminals. The terminal through which the majority carriers (here electrons) enter the
bar is called the source. The other terminal through which the majority carriers leave
the bar is called the drain. On two sides of the n-type bar p-n junctions are formed
by doping the sides heavily with p-type impurities. These impurity regions are called
the gate. The region of the n-type bar between the two gate regions through which
majority carriers move from source to drain is called the channel The circuit symbol of

an n-charmel JFET is shown in Fig-1(b), whete the arrow head is in the difection
of conventional current when the gate is forward biased. :
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Fig.t: An n-channel JFET (a) Structure (b) Circuit symbol with supply voltages

A p-channel JFET consists of a p-typessemiconductor bar with two ohmic.contacts
at its two ends. As before one of them is the source through which majority carriers
enter the bar. The other terminal is the drain through which majority holes leave the
bar. The two sides of the p-type bar are doped heavily with n-type impurities. These
regions are called the gate. The region of p-type bar between the two gate regions
through which majority carriers move from source to drain is called the channel. The
structure and the circuit symbol of p-channel JFET are shown in Fig. 2.
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Fig.-2: p-channel JFET (a) Structure (b) Circuit symbol with supply voltages



Operation of n-channel JFET

To understand the prin-:iiple of operation of a JFET, let us consider an n-channel JFET
connected in common source mode with the gate junction reverse-biased, On two sides
of the reverse-biased p-n junction, depletion regions are formed. Since the gate p-region
is heavily doped the deplétion layer extends mainly into the channel n-region (Fig. 9.3.'-
1). When a current passes through the channel between source and drain there is
gradual ohmic potential drop across the channel. This makes the gate more reverse
biased near the drain end than the source end. As a result width of the depletion region
becomes more near the drain end than the source end of the gate. This makes the drain
current to flow through an effectively wedge-shaped channel because there is no mobile
charges in the depletion region. Now if the gate reverse-bias voltage is in(freased the
depletion region extends further info the channel region and hence the effective cha.nn.el
cross-section for current flow decreases. It decreases channel conductance and drain
current. Thus the transverse electric field introduced by the gate is used to control the
device current and this is why the device is called a field-effect transistor.

“The above explanation applies equally to the p-channel J FET, the only difference is
that voltage polarities are to be reversed and the role of electron and hole interchanged.

Static Characteristics of n-channel JFET

The gate-source junction is reversed biased. For n-channel JFET , the
electron drift from source to drain, thus current flows from drain to source
which is called drain current (Ip).

The graphical plots of the drain current (Ip) against drain to source voltage

(Vps) with the gate to source voltage (Vgs) as a parameter are known as Static
Characteristics of a JFET.

j
Fig.3: Circuit arraﬁgement for drawing the characteristic curves of an 1t channel JFET
(for a p-channel JFET just reverse the polarities of the batieries and the meters)



Fig.4 shows the drain character-
_ : Broak istics for a typical n-channel JFET. Each
Saturation = down of characteristic curves can be divided
<> ragion ) . . .
into there regions: (i) the ohmic or linear
2 region where Ip is approximately propor-
tional to Vpg (ii) the soturation region
where Ip is almost constant and indepen-
dent of Vpg and (jii) the breakdown region
where Ip rises abruptly to large values.
To explain the nature of the curves we
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very small and the conductor bar behaves as a simple resistor. Thus Ip (drain current)
increases linearly with Vs, This region is known as linear region.

e Saturation region —

When Vgs=0; then reverse bias across each point in the gate channel is Vy and reverse
bias is relatively large near the drain and decreases gradually towards the source. As Vps is
solely increased the depletion layer widths increase constricting the channel opening. As Vps
continues to increase, the channel opening near the drain shrinks and channel resistances
increases further. At some value Vps the depletion regions meet near the drain to pinch off

the channel. This value Vps is called saturation voltage Vpsat . Beyond pinch-off the current
Ip saturates at a value Ipsar .

e Breakdown region —

For a large value of Vps ,the reverse voltage between the channel and the gate becomes
sufficient to causes a breakdown of the gate junction, resulting in a sharp increase of the drain
current.

When Vgs is negative the channel resistance increases because of reverse bias
between the channel and the gate . Hence I is reduced for a given Vps and pinch-off occours

at a lower value of Vps .Breakdown also takes place at lower value of Vps as Vps and Vps
contribute to the breakdown voltage.



Define “pinch off” voltage of a JFET. Sketch the depletion region before and after
pinch-off
From the drain characteristics of Fig.4 it is found that in the saturation region

I decreases with increase in reverse bias gate source voltage. Practically for certain
‘value of Vg the drain current is reduced to zero. This voltage is called gai€-source
cut off voltage or pinch off voltage and is labelled as Vgg(off) or Vp. At this voltage
the conducting channel disappears. Note that Vp is negative for n-channel device and
positive for p-channel device. :
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Fig. 5: Channel of JFET (a) before pinch-off (b) at pinch-off (b) beyond pinch-off

Expression for Drain Current ({;)

The relation between I .cand ¥p 1s shown in Fig. 6 We note that gate-source cut off voltage [7.e.
Vs (o] 00 the transfer charactenistic 1s equal to pinch off voltage ¥p on the dran charactenstic 7.e.

Vp = I VGS (e |
For example, if a JEET has Vggpmy = — 4V, then ¥ = 4V,

The transfer characteristic of JFET shown i Fig. 6 is part of a parabela. A rather complex
mathematical analysis vields the following expression for drain current :

2
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where In = drain current at piven Fe
Ipe. = shorted — gate drain current

Veo = gate—source voltage
Vesign = Eate—source cut off voltage
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Example l. Fig. thows the rangfar charac-
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Example 4. For the JFET i Fig. Fﬂfﬁ@?ﬁ' = —AF and Iy 0. = 12 md. Dotermiine the
arimimum velus of Vi required to pui the devies in the conskani-current region of operation.
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Advantages of JFET

A JFET is a voltage controlled, constant current device (similar to a vacuum pentode) in
which variations in input voltage control the output current. It combines the many advantages
of both bipolar transistor and vacuum pentode. Some of the advantages of a JFET are :

(1) It has a very high input impedance (of the order of 100 M(2). This permits high degree of
isolation between the input and output circuits.

(if) The operation of a JFET depends upon the bulk material current carriers that do not cross
junctions. Therefore, the inherent noise of tubes (due to high-temperature operation) and
those of transistors (due to junction transitions) are not present in a JFET.

(iif) A JFET has a negative temperature co-efficient of resistance. This avoids the risk of
thermal runaway.

(iv) A JFET has a very high power gain. This eliminates the necessity of using driver stages.
(v) A JFET has a smaller size, longer life and high efficiency.

JFET Parameters

The anaiytical method of analysis of JFET amplifiers involves three parameters, called
JFET parameters. These are determined by the slopes of the characteristic curves.
Thege are defined below :

pe c

1.” Drain 're$istance fd . Tt is the a.c. resistance between drain and source
‘termina.ls and is defined as the ratio of the small change in drah_:_x\___ voltage to
the corresponding change in drain current at a constant gate voltage'ie.,

_ 8Vps
~ §Ip lvgs=constant

(1)

Td

2. Mutual coﬁdliétance Gm : It is defined as ratio of smali change in drain curr-ent
to the corresponding change in the gate voltage at a constant drain voltage, i.e.,

8Ip 2)
O9m = 7 -
- §Vgs Vps=constant
3. Amplification factor y : It is defined as the sma.ll_llchange in drain voltage to
the corresponding change in gate voltage for & constant drain current, i.e.,

dVps ' 3
St stan (-3)

dVgslip =constant
where the negative sign indicates that any change in Ip due to a positive
increment of Vpg is to be counterbalanced by a negative increment of Vgs.
Phy-s.ically p represents the relative effectiveness of the gate voltage over the
drain voltage in controlling the drain current.



Relation between p, 4 and g,

The drain current I is a function of drain voltage Vpg and gate voltage Ves e,

Ip = f(Vps, Ves)
dlp qv dlp

dip = ; -
b OVps'\Ves DS + IVesVps

dVes

If Vps and Vgg are simultancously so changed that Ip remains constant then
dIp = 0 and we can write from Eq. (9.5-4) after rearrangement,

dIp IVpg dlp ! ~
OVpsWas OVgslin ~ OVaeivps
Now using the definitions (1) (-3),
1, .
—(-p)t gm =0
Td
O, H=T4 Gm (-5)

Variation of Transconductance (gm) of JFET

We have seen that transconductance gm of a JFET is the ratio of a change in drain current
(Aip) to a change in gate-source voltage (AVgs) at constant
Vbs i.e. 4

Al

T AV,

The transconductance gn, of a JFET is an important parameter 8/
because it is a major factor in determining the voltage gain of /
A

O

JFET amplifiers. However, the transfer characteristic curve

for a JFET is nonlinear so that the value of gn depends upon
the location on the curve. Thus the value of gm at point A in T 0
Fig.7 will be different from that at point B. Luckily, there is Fig 7
following equation to determine the value of gm at a specified value of Vgs:

V,
= 1—_—_-6G5
where gm = value of transconductance at any point on the transfer characteristic curve
Jmo = Value of transconductance(maximum) at Vgs =0

Normally, the data sheet provides the value of gm.. When the value of gm, is not available,
you can approximately calculate gmo using the following relation :

2' DSS
gmo =
Vs (off))



Metal Oxide Semiconductor FET (MOSFET)
The main drawback of JFET is that its gate must be reverse biased for proper operation of the

device i.e. it can only have negative gate operation for n-channel and positive gate operation
for p-channel. This means that we can only decrease the width of the channel (i.e. decrease
the conductivity of the channel) from its zero-bias size. This type of operation is referred to
as depletion-mode operation. Therefore, a JFET can only be operated in the depletion-mode.
However, there is a field effect transistor (FET) that can be operated to enhance (or increase)
the width of the channel (with consequent increase in conductivity of the channel) i.e. it can
have enhancement-mode operation. Such a FET is called MOSFET.

A field effect transistor (FET) that can be operated in the enhancement-mode is called a
MOSFET.

A MOSFET is an important semiconductor device and can be used in any of the circuits
covered for JFET. However, a MOSFET has several advantages over JFET including high
input impedance and low cost of production.

Types of MOSFETSs

There are two basic types of MOSFETS viz.

1. Depletion-type MOSFET or D-MOSFET. The D-MOSFET can be operated in both the
depletion-mode and the enhancement-mode. For this reason, a D-MOSFET is sometimes
called depletion/enhancement MOSFET.

2. Enhancement-type MOSFET or E-MOSFET. The E-MOSFET can be operated only in
enhancement- mode. The manner in which a MOSFET is constructed determines whether it is
D-MOSFET or EMOSFET.

1. D-MOSFET. Fig. shows the constructional details of n-channel D-MOSFET. It is

similar to n-channel JFET except with the following modifications/remarks :

(i) The n-channel D-MOSFET is a piece of n-type material with a p-type region (called
substrate) on the right and an insulated gate on the left

Dirain (I¥)
as shown in Fig.. The free electrons (Q it is n-channel) J-
flowing from source to drain must pass through the Z::{’ -\ "

narrow channel between the gate and the p-type region . - Z .
(i.e. substrate). Z

{Substrate )

m-f:h;.-u|1n|:|-—_—o-"’/
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(i) Note carefully the gate construction of D-
MOSFET. A thin layer of metal oxide (usually T;1 5

n=Channel D-MOSFET

silicon dioxide, SiOy) is deposited over a small portion
of the channel. A metallic gate is deposited over the oxide layer. As SiO, is an insulator,

therefore, gate is insulated from the channel. Note that the arrangement forms a capacitor.



One plate of this capacitor is the gate and the other plate is the channel with SiO, as the
dielectric. Recall that we have a gate diode in a JFET.

(iii) It is a usual practice to connect the substrate to the source (S) internally so that a
MOSFET has three terminals viz source (S), gate (G) and drain (D).

(iv) Since the gate is insulated from the channel, we can apply either negative or positive
voltage to the gate. Therefore, D-MOSFET can be operated in both depletion-mode and

enhancement-mode. However, JFET can be operated only in depletion-mode.

E-MOSFET. Fig. shows the constructional details of n-channel E-MOSFET. Its gate
construction is similar to that of D-MOSFET. The E-MOSFET has no channel between source
and drain unlike the D-MOSFET. Note that the substrate

extends completely to the SiO, layer so that no channel J-um-_n (D)

exists. The E-MOSFET requires a proper gate voltage to 50,

Layer

form a channel (called induced channel). It is reminded

that E-MOSFET can be operated only in enhancement '

{Substrate)

mode. In short, the construction of E-MOSFET is quite

Mo Channel

—\_,-o-""'f
similar to that of the D-MOSFET except for the absence T
Sowrce (5)

of a channel between the drain and source terminals. n-Channel E-MOSFET

Why the name MOSFET ? The reader may wonder why is the device called MOSFET? The
answer is simple. The SiO2 layer is an insulator. The gate terminal is made of a metal
conductor. Thus, going from gate to substrate, you have a metal oxide semiconductor and
hence the name MOSFET. Since the gate is insulated from the channel, the MOSFET is
sometimes called insulated-gate FET (IGFET). However, this term is rarely used in place of
the term MOSFET.

Symbols for D-MOSFET

There are two types of D-MOSFETSs viz (i) n-channel D-MOSFET and (ii) p-channel D-
MOSFET.

(i) n-channel D-MOSFET. Fig. 19.45 (i) shows the various parts of n-channel D-MOSFET.



The p-type substrate constricts the channel between the source and drain so that only a small

passage remains at the
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narrow channel. The
symbol for n-channel
D-MOSFET is shown in Fig. (ii). The gate appears like a capacitor plate. Just to the right of
the gate is a thick vertical line representing the channel. The drain lead comes out of the top
of the channel and the source lead connects to the bottom. The arrow is on the substrate and
points to the n-material, therefore we have n-channel DMOSFET.

It is a usual practice to connect the substrate to source internally as shown in Fig. 19.45

(iii). This gives rise to

. Dirain Dirain
a three-terminal [ 0
device.
(i) p-channel D- ”lthr. ,f“ll:.,
[ L i o I ul
; i Gate Gate
MOSFET. Fig. (i) Rl SR
shows the various
parts of p-channel D- Souce Sousce Source
p-Channel D-MOSFET Symbal Symbal

MOSFET. i) i) )
The n-type substrate constricts the channel between the source and drain so that only a small
passage remains at the left side. The conduction takes place by the flow of holes from source
to drain through this narrow channel. The symbol for p-channel D-MOSFET is shown in Fig.
19.46 (ii). It is a usual practice to connect the substrate to source internally. This results in a
three-terminal device whose schematic symbol is shown in Fig. 19.46 (iii).

Circuit Operation of D-MOSFET

Fig. (i) shows the circuit of n-channel D-MOSFET. The gate forms a small capacitor. One
plate of this capacitor is the gate and the other plate is the channel with metal oxide layer as
the dielectric. When gate voltage is changed, the electric field of the capacitor changes which
in turn changes the resistance of the n-channel. Since the gate is insulated from the channel,
we can apply either negative or positive voltage to the gate. The negative-gate operation is

called depletion mode whereas positive- gate operation is known as enhancement mode.



(i) Depletion mode. Fig. (i) shows depletion-mode operation of n-channel D-MOSFET.
Since gate is negative, it means
electrons are on the gate as shown is

Fig. 19.47 (ii). These electrons repel the

free electrons in the n-channel, leaving

|
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a layer of positive ions in a part of the v,

channel as shown in Fig. 19.47 (ii). In

other words, we have depleted (i.e. W i

emptied) the n-channel of some of its free electrons. Therefore, lesser number of free
electrons are made available for current conduction through the n-channel. This is the same
thing as if the resistance of the channel is increased. The greater the negative voltage on the
gate, the lesser is the current from source to drain. Thus by changing the negative voltage on
the gate, we can vary the resistance of the n-channel and hence the current from source to
drain. Note that with negative voltage to the gate, the action of D-MOSFET is similar to
JFET. Because the action with negative gate depends upon depleting (i.e. emptying) the

channel of free electrons, the negative-gate operation is called depletion mode.

(i) Enhancement mode. Fig. (i) shows enhancement-mode operation of n-channel
DMOSFET. Again, the gate acts like a capacitor. Since the gate is positive, it induces
negative charges in the n-channel as shown in Fig. 19.48 (ii). These negative charges are the
free electrons drawn into the channel. Because these free electrons are added to those already
in the channel, the total number of free
electrons in the channel is increased. Thus a
positive gate voltage enhances or increases

the conductivity of the channel. The greater

the positive voltage on the gate, greater the

conduction from source to drain. Thus by

changing the positive voltage on the gate, we o ()
can change the conductivity of the channel. The main difference between D-MOSFET and
JFET is that we can apply positive gate voltage to

D-MOSFET and still have essentially zero current. Because the action with a positive gate
depends upon enhancing the conductivity of the channel, the positive gate operation is called

enhancement mode.



The following points may be noted about D-MOSFET operation :
(1) In a D-MOSFET, the source to drain current is controlled by the electric field of capacitor

formed at the gate.
(if) The gate of JFET behaves as a reverse-biased diode whereas the gate of a D-MOSFET

acts like a capacitor. For this reason, it is possible to operate D-MOSFET with positive or

negative gate voltage.
(iii) As the gate of D-MOSFET forms a capacitor, therefore, negligible gate current flows

whether positive or negative voltage is applied to the gate. For this reason, the input
impedance of D-MOSFET is very high, ranging from 10,000 MQ to 10,000,00 MQ.

(iv) The extremely small dimensions of the oxide layer under the gate terminal result in a
very low capacitance and the D-MOSFET has, therefore, a very low input capacitance. This

characteristic makes the D-MOSFET useful in high-frequency applications.

S'tatic characteristics of enhancement MOSFET

th drain to source voltage Vps with gate voltage

The variation of drain current /p wi ; .
gives the drain characteristjc of

Vos maintained constant at a value greater than Vr, : ra
enhancement MOSFET. Fig. 9.7-3 shows a typical set of drain characteristics of an p.

channel enhancement MOSFET.

When Vgs < Vi no channel is formed between the source and drain, then the
E-MOSFET is off and hence Ip = 0. Now consider the case when Vg is maintained
constant at a voltage greater than Vr and Vps is increased gradually from 0V. When
Vps is small Ip increases almost linearly with Vps. This is the linear ohmic region.
In this region the enhancement MOSFET behaves like a resistor. The value of the
resistance is controlled by the gate voltage Vgs. Theoretical analysis shows that the
drain characteristics in the ohmic region can be represented by

Ip =k [2(VGS —Vr)Vps — VBS] 07

where k depends on the construction of the device. For small values of Vpg the above

equation reduces to :
Ip = 2k(Vgs — V) Vps (07

which gives dr.:in current Ip to be proportional to Vpg.

As Vgs is increased the density of electrons in the channel increases. This ! an
increases the channel conductivity and decreases the resistance between the sourc:i the
drain. With a given Vgg as Vpg is increased the p-n transition region Tighwes Jtage
substrate and the drain becomes reverse-biased while the source to substrat® Z;ati‘f
remains zero. The depletion layer at the drain transition region widens, t.h ) nc e
space charge established by acceptor ions increases and as a result the effective

n tur
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Fig. 9.7-3: Drain characteristics of typical Fig. 9.7-4: Operation of enhancement
enhancement NMOSFET MOSFET in the saturation region

cross-section decreases with increasing distance from the source (Fig. 9.7-4). This
increases the channel resistance. When Vpg reaches a critical value the channel at the
drain end becomes pinched off (actually a narrow strip). The current then becomes
almost saturated. As Vpg rises further the beginning of the channel neck shifts towards
the source and the channel resistance increases still more. This increment in channed
resistance is not exactly in proportion to Vps. As a result Ip somewhat ix)c:r\:.xqs
with Vpg. For large enough Vpg there may be breakdown in enhancement MOSFET,

causing sudden increase in Ip. .
The dividing line between the ohmic and saturation regions (as shown by the dashed

curve in Fig. 9.7-3) is given by
-3)

Vps = Vs — Vr

Substituting this in Eq. (9.7-1), we get

o 9.7-4)
Ip = kVps g

Which gives drain current Ip is proportional to Vps.

D-MOSFET Transfer Characteristic
Fig. 19.49 shows the transfer characteristic curve (or transconductance curve) for n-channel

D-MOSFET.
The behaviour of this device can be beautifully explained with the help of this curve as under

(i) The point on the curve where Vgs = 0, Ip = Ipss. It is ip f:‘**? .
expected because Ipss is the value of Ip I
when gate and source terminals are shorted i.e. VGS = 0. f{
(if) As Vs goes negative, 1D decreases below the value ; £ -
of Ipss till Ip reaches zero when Vgs = .[?ETEM/ hfh;:fljm
Vs (off) just as with JFET. ,

~os T 0v

53 (aff)



(iif) When Vgs Is positive, Ip increases above the value of Ipss. The maximum allowable value
of Ip is given on the data sheet of D-MOSFET

Note that the transconductance curve for the D-MOSFET is very similar to the curve for a
JFET. Because of this similarity, the JFET and the D-MOSFET have the same

transconductance equation viz.

Ve |
I,= I.'J.&S[I_I-' = l

S (aff)

Depletion MOSFET characteristic curves

Fig. shows typical drain characteristics of an n-channel MOSFET. To explain
the curves we first consider the case with Vgg = 0. As a channel is already diflused
between the source and the drain, the drain current Ip at first increases linearly with
Vpg. This is the ohmic region where MOSFET behaves like a simple resistor.

Ipin mA <«— Saturation region—>
A<— ohmic —»+ Ves=+2V
sk region '

+1 Enhancement mode
&
-1
-2 Depletion mode
-3
= VGS= VT=—4V
‘/l_ > Vnol
» VpsinV
0 15

Fig. Drain characteristics of a typical n-channel depletion MOSFET

In this ohmic region Ip is shown to be given by

Ip=Fk [z(VGS — V) Vs — Vis| (9.7-8)

| [ IO



where k = IDSS/V’IZ' For small values of VDS i'e'! VDS < VT* the abOVe eq“&tion
reduces to

Ip = 2k(Ves — Vr)Vbps (9_7_9)

which shows that Ip is proportional to Vps.

If Ves is made negative it repels electrons from the channel to the bulk of the
p-substrate and attracts holes to the channel. The result is a depletion of majority
electrons in the channel. It thus reduces Ip for a given Vps. The MOSFET is tpg,
said to operate in the depletion mode.

For a given Vg if Vpg is increased Ip saturates. This is due to pinch off of the
channel. The voltage drop along the channel due flow of Ip causes the channel more
depleted near the drain than near the source (Fig. 9.7-10). As a result the current is
forced to flow through a wedge-shaped channel. For certain value of Vbs the chann
gets pinched off and Ip becomes saturated. '

The dividing line between the ohmic and saturation regions is the locus of pinch-
off and is given by

Vps = Vgs — Vp (9.7-10)

Substituting this in Eq. (9.7-8) we get

It shows that the pinch-off locus is a parabola.

If a positive voltage is applied to the gate it attracts additi-ona] free electrons int
the channel region. It enhances channel conductively and drain current above Ipgg
The MOSFET is then said to be operating in enhancement mode.

O
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I i
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-4 0 +2 i
—_— VGS inV . 777
Fig. 9.7-9: Transfer characteristics of a typicel Fig. 9.7-10: MOSFET with a depleted channel

n-channel dzpletion MOSFET



JFET as amplifier

Common source amplifier

A common source amplifier using an n-channel JFET is shown in Fig. This FET
configuration is similar to common emitter configuration of bipolar junction transistor.
Here, the a.c signal is connected in series with the battery Vgg, the gate bias. This
causes a variation of vy to the total of gate-to-source voltage. Let the corresponding

—
lo+ly
R
D +
1+
'E' Voo
V05+V¢,
®s
V4

Fig. Common source amplifier

aitput voltage change be vy, which appears across the load resistance Ry, connected
wross the drain-source terminal. When no input signal is applied, we get from the
output circuit '

Vop = Vps+IpRy, (9.9.1)
But, using KVL for a.c and d.c components, we have -
Vop = Vs +vas + (Ip + id) R (9.9.2)
Subtracting equation (9.9.1) from (9.9.2), we obtain
igRL +vas=0 Ay A ' (9.9.3)
For small signal voltages, equation (9.7.4) provides
-y Vds _
id = gmvgs + Td iniz e (9-9.4)

Substituting (9.9.4) in (9.9.3), we get
| | \‘(gﬁvgs'i;%)lzbﬁ'vd;:()

v _ ___gmPL____gntell
or, ;g_s =~ T +R/ra) Rp+rd
__BRL e p= gara)
o Bptra i
Rr
. Vds -
3 Vo]tage gain, Ay = .1;; = ——[I,RL +ra (995)

put and outpﬁt voltages differ in phase by 7.

The negative sign indicates that in ; ;
combination of a.c drain resistance r4 and the

The Output resistance is a parallel
r%IStance RL- RLTd

-, Output resistance, Ro = RL +7d

(9.9.6)



Common drain amplifier

A common drain amplifier, using an n-channel
FET configuration is similar to common collector €O
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Fig. 9.15 Common drain ampffier

JFET, is shown in Fig. 9.15
nfiguration of bipolar Jnctioy

transistor. Here, v; is the a.c input gate voltage and vp the corresponding output
voltage appearing across the load R;. The d.c and a.c components of voltages and

currents are shown by usual notations.
Applying KVL to the output circuit for a.c component, we get

igRy +v4s =0
: ‘ Vds
For small signal, we get id = gmUgs + —
Td
v,
. From (9.9.7), (9mie + 222) Re+ 02 =0

Applying KVL to the input circuit a.c, we obtain

vg,=v,-—idRL=vi+vd’

. From (9.9.8), Ry, [gm(v.- + vgs) + ?’;] +vg, =0
d

Ry, :
or, Ugs [1 3 r + ngL] = —gmv;Ry,
__ gmrquiRy,
rda+ Rp + gmraRy,

___ buRy
- ra+(1+p)R

OI, Ugs=

t,'.' H= gmrd)

(9.9.7)

(9.98).



Agl\in. vy = — Uy, o .'.."!'
1Yy
.. Voltage gain i8: Ay

e ————————— . ot

rl L]
If R], > "—‘--l'-', then AV o ——J
14 p

In this case, if > 1 then Ay =1, °

7]

jlty,

Yo ra (1 iy,

Oy,

1

1 4

I'he voltage gain unity implies that the cutpuat

voltage (nt.‘lvhc :'%Ollrcc) follows the input voltage (nt the gate). This is why a cmnmon
drain amplifier is also called a source follower.

Complementary metal-oxide-semiconductor (CMOS)

Complementary metal-ozide-semiconductor, abbreviated CMOS, is a semiconduc-
tor technology used in manufacturing most of the microchips in modern computer. In
CMOS, two types of enhancement MOSFETs (PMOS and NMOS) are interconnected

inacomplementary symmetry arrangem

ent on the same substrate such that an incress:

in gate bias of the device enhances the conductivity between the drain and the source.
Since the transistors are arranged in complementary symmetry, only one of the two

MOSFETs is turned on at a time. So,

power dissipation is controlled by the leakage

currrent of the ‘off’ transistor and it is of extremely low value. Hence, CMOS technique

is preferred to conventional MOSFET ci
fabrication of ICs.

rcuits in critical power saving applications and

Inputcl) Vi

n-substrato

psubsirale

Fig. 0.18 Cross-sectional view of CMOS inverer

Fig. 9.16 shows a cros
of a combination of NMOS and a'PMO
8ymbolic version of the same circuit.

g-sectional view of a simple CMOS inverter circuit consisting

§ on the same substrate. Fig. 9.17 shows the
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Fig. CMOS inverter circuit

is a PMOS where the source is connegy wil

Vss and Q2 is an NMOS with SOU:O
te terminals of both the I\jOSFE,;e
her to the input V; while the draj
gether to form the ompu':

Here, Q|
the applied voltage
grounded. The ga
are connected toget
terminals are connected to

terminal Vo. )
When the input V; is high (> V1), the transistor Q,

(i.e., NMOS) is on and Q (i.e., PMOS) is off. So ¢,
output Vp is low. On the other hand, when V; is low, the
transistor @ is switched on but Q2 becomes cut off. As
a result, the output Vo is high. Thus, in complementary
symmetry configuration while one transistor is on, the
other remains off.

Since the two transistors are in series, the drain
current that flows is limited by the off transistor to the

leakage value. So, the quiescent current practically does not flow and the power
dissipation is caused only by the leakage current of the off-transjstor. The power
dissipation is thus virtually zero (~ a few nanowatt). The extremely low value of
power dissipation or consumption of CMOS has led it to fabricate many other logic

circuits —digital and analog.

Advantages and disadvantages
The CMOS has a number of advantages over other FETs. These are the following.

1. Extremely low power consumption,

2. Fast switching speed,

3. Very high input impedance.

4. Ability to operate in a large temperature range (—40°C to +85°C)
5. Ability to operate under varying operating conditions.

6. Ability to function without being disturbed by external noise.

7. High packing density i.e., large number of CMOS on a small Si-wafer.

The only disadvantge of CMOS is its susception to electrostatic discharging: Ever
the small static charges deposited on the user’s hand may even permanently dam

the device.
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