Chapter
Field Effect Transistors

LEARNING OBJECTIVES

After reading this chapter, you will be able to understand:

« JFET « E-MOSFET
» Parameters of FET » The body effect
» Relation between BJT and JFET N-MOS transistor

« Comparisons of JFET and BJT * PMOS transistors
« Introduction to MOSFET « Conditions for saturation region
« D-MOSFET
INTRODUCTION The FET is generally much less noisy than the BJT. BJT is a
. . . . . current controlled device, and FET is a voltage controlled current
The bipolar junction transistor relies on two types of charge car- device

riers i.e., free electrons and holes. Another kind of transistor is
called the field effect transistor (FET). This type of device is uni-
polar because its operation depends on only one type of charge, 1. Junction field effect transistors (JFET).

either free electrons or holes. In other words, an FET has majority 2. Metal oxide semiconductor field effect transistor (MOSFET).

carriers but not minority carriers.

These are two types:

FET
I
JFET MOSFET
| ! v l :
p- channel n- channel Depletion Enhance

MOSFET MOSFET

n- channel p- channel n-channel p-channel

. % 4% ﬁ

A junction field effect transistor (see Figure 1) is a three terminal semiconductor device in which current conduction is by majority types
of carriers i.e., electrons or holes. JFET has high input impedance and low noise level.
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Construction of JFET

A junction field effect transistor is a three terminal semicon-
ductor device in which current conduction is by one type of
carrier i.e., electrons or holes.

Ohmic
contacts

.

Depletion
region

S

Depletion

A JFET consists of a p-type or n-type silicon material,
containing two p-n junctions at the sides. If the bar is n-type,
it is called a n-channel JFET and if the bar is of p-type, it is
called a p-channel JFET.

Ohmic

contacts p-channel

region

Figure 1 Junction field effect transistors.
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Figure 2 JFET polarities. (a) n-channel JFET, (b) p-channel JFET

The input circuit (gate to source) of a JFET is reverse
biased and output circuit (drain to source) of a JFET is for-
ward bias, i.e., the device has high input impedance and low
output impedance.

Working Principle
The two p—n junctions at the sides form two depletion lay-
ers. The current conduction by charge carriers (majority
carriers) is through the channel between the two depletion
layers and out of the drain. The width of the channel, i.e.,
resistance of this channel can be controlled by changing the
input voltage V.

The reverse voltage V. increases, the wider will be
the depletion layers and narrower will be the conduction
channel i.e., channel width decreases means resistance

of the channel increases, so drain to source current
decreases. Otherwise the reverse will be happen when V.
decreases.

Thus, JFET operates on the principle that width and
resistance of the conducting channel can be varied by
changing the reverse voltage V..

Case (1): For n-channel JFET
V=0V, V, =0V

In this case drain current /) = 0, because V, ;=0 V.
Case (2): When V. =0V and V,, some +ve value

As the voltage V. is increased from 0 V to a few Volts, the
current will increase as determined by ohm’s law and the
characteristics plot of /, V' V, - shown in Figure 4.
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Figure 3 Varying reverse bias potential across the p-n junction of
an n-channel JFET.

I-V Characteristics
Alp
Ohmic
region Vgs=0V
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Saturation
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P DS(max) DS

Figure 4 I vs. V  for V =0V

The ohmic relationship between ¥, and [, continues till V¢
reaches a certain critical value is called pinch off voltage
).

If the drain voltage exceeds V. JFET enters into
break down region.

The region between the ¥, and V¢ -is called constant
current region because when V¢ equal to ¥, the channel
is effectively closed and does not allow further increase in
drain current shown in Figure 5.

Case (3): It V<0 and V ;= Constant

If the reverse voltage V., on the gate is continuously
increased, a state is reached when the two depletion lay-
ers touch each other at |VGS(Om| =|VP| and the channel is
cut-off.
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Ves=0V

Vgs=-1V
VGS= —2 V
VGS: —3 V

: |
I Vp VDS(max)

> Vpss

Figure 5 n-channel JFET characteristics.
A ID
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Shorted-gate drain current (I ) It is the drain current
with source, short circuited to gate (¥, = 0) and drain volt-
age (V) equal to pinch off voltage. It is the maximum drain
current (/). The region between V, and Y pstmas) (break
down voltage) is called constant-current region or satura-
tion region. JFET behaves as a constant-current device. For
proper working of JFET, it must be operated in the satura-
tion region or active mode.

Pinch off Voltage (V) Itis the minimum drain-source voltage
at which the drain current becomes constant. For values of V.
greater than V,, the drain current is almost constant. Because
when V. is equal to ¥, the channel is effectively closed and
does not allow further increase in drain current. However, V.

should not exceed V. otherwise JFET may break down.

Gate-source cut-off Voltage V . . 1t is the gate-source
voltage where the channel is completely cut off and the
drain current becomes zero. As the reverse gate-source
voltage is increased, the cross sectional area of the channel
decreases. This in turn decreases the drain current. At some
gate to source voltage, the depletion region is increased and
touches each other. In this condition, the channel is cut off
and the drain current reduces to zero.

v, =,

GS(off) |

Parameters of GFET
Drain current (1)
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Where

[,,= drain current at given V¢
I, = short circuit gate drain current
Vs = gate-source voltage

V', = gate-source cut-off voltage (or) pinch off voltage

Drain resistance (r,)

AV,
=—2L5 . at constant V_

,

d [D
The drain resistance of a JFET has a large value range from
10k|to 1 M.

Transconductance (g_)

It is the ratio of change in drain current (A/,) to the change

in gate-source voltage (AV,,) at constant drain-source
voltage.

_ AL
g, = at constant V..

GS
Amplification factor (u)

It is the ratio of change in drain-source voltage (A
change in the gate to source voltage (AV)

V¢ to the

V
=—25 at constant /.
VGS

Relation among JFET parameters

_ AV AL
AV Al
Al, AV
'u_gm : d
VGS }
g gmu 1 o
{ VP
Where,
g = 211>ss _21DSS
A v,
Or
1
gm = gmo ° 2
I DSS
Vos

DC drain resistance, R, =

voltage gain4,=-g - R,

Solved Examples
Example 1: A JFET has V,=-45V, 1

> Ipss T
= 2.5 mA. Determine the transconductance.

21 DSS |1 — &
4 v,

P

1
Vs =V, |1- |2
Gs P|: IDSS:|

=222mA/V

=10 mA and 1,

Solution: g, =

Example 2: Foran n-channel JFET
V.s=—1 V. Find the values of

(A) 1, ® g,

=8.7mA, V =-3V,
© g,

Solution:

(A) I, = DSS[ S} =3.8667 mA

2

B) g, = =58 mA/V

Vi
©) g,=g, (1— J 3.867 mA/V
0 VP

Example 3: For a n-channel JFET, /.= 8 mA, V,=

. DSS 4 \/’
V.s=-1V. Determine 7, g, and g .

2
V
Solution: /, = IDSS[ —ﬂ)
Ve
1 2
:8x103{1—uj
(-4
I,=4.5mA
ng — _21DSS
VP
=4 mA/V

Ves
= ——= |=3mA/V.
gm gm,, [ v J

p

Example 4: In a JFET, the drain current is changed by
0.25 mA when the gate to source voltage is changed by
0.25V, keeping drain-source voltage constant. Calculate the
transconductance of the JFET.

Al

D

Solution: g, = ch

Vg =constant

~0.25x107
0.125
g, =2mA/V.



Example5: AJFEThasg =10ms,/,

> " DSS

=10 pA. Calculate

VGS(OFF)' 5 5
-2/ DSS -2/ DSS
Solution: &= 8w =—, ~— 1,
VP VGS(OFF)

-6
10x10° = 2x10x10
GS(OFF)
V =-2mV

GS(OFF) —

Example 6: A FET has a drain current of 4 mA. If

=6 mA and VGS(OFF) =—6 V. Find the values of V. and Vp.
Solution: 7, =4 mA; [ .=6mA
1
VGS = VGS(OFF) |:1_ 7 2 :l
DSS

— el [AMA Ly
6 mA

Pinch-off voltage, V= -6V

GS(OFF) —

Table 1 Relation between BJT and JFET

S. No. BJT JFET
C l D
IB IC IG: 0 llD
— —>
| B G 4’1
E S
v 2
ii l=B-1, ]D:]DSS( _ﬂj
VP
iii lo= 1. Iy=1g
iv. V,=07V I.=0A

voltage controlled (V)
current device (/)

V. Current controlled (/,)
current device (/)

CompaRrisoNs ofF JFET anp BJT

1. FET is a unipolar device i.e., operation depends
only on the flow of majority carriers. BIT operations
depends on both minority and majority charge carriers.

2. FET is a voltage controlled device and BJT is a
current controlled device.

3. FET is less noisy than BJT (minority carriers more
noise)

4. FET is smaller than the BJT’s

BJT’s are faster than the FETs.

6. The input circuit of FET is reverse biased. (i.e., input
impedance higher R_ = 100 MQ). FET offers a larger
input impedance and lower output impedance. So FET
can act as an excellent buffer amplifier but the BJT has
low input impedance because its input is forward biased.

(9]
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7. FET does not suffer from minority charge carrier
storage effects, it has ‘higher switching speeds and
cut-off frequency’ BJT has lower switching speed and
cut-off frequencies.

8. BJT’s are cheaper than FET’s.

9. FET amplifiers have low gain band width product due
to the junction capacitance. (disadvantage)

10. FET has a negative (zero) temperature coefficient
at high current levels, it prevents the FET thermal
runaway. The BJT has a ‘“+ve’ temperature coefficient at
high current levels which leads to thermal break down.

11. No current enters the gate of JFET i.e., I, = 0 A.
However, typical BJT base current /, be a few UA.

12. In JFET, there are no junctions as in an ordinary
transistor. The conduction is through an n-type or
p-type semiconductor material.

Example 7: A JFET has [/, = 16 mA and V, = 4 V.
V.s=-2V, the value of drain current is

(A) 8mA. (B) 4 mA.
(C) 16 mA. (D) 6 mA.

Solution: (B)

2
V.
We know, 7, =1DS{ —%}

P

=16{ —@} x107°
=4

=16x10°x0.25 =4 mA.

Example 8: The transconductance of a JFET used as a
voltage amplifier is 2500 uQ ' and drain resistance is 15 kQ.
The voltage gain of the amplifier is
(A) 25 (B) 30
(C) 375 (D) 40
Solution: (C)
Given g =2500x 10°Q"
R, =15x10°Q
voltage gain4,=g - R
=2500x10°x 15 x 10°
=375.

Example 9: In a p-channel JFET, the charge carriers are
(A) Electrons. (B) Holes.
(C) Both electrons and holes. (D) Either e”’s or holes.

Solution: (B)

Example 10: If the reverse bias voltage is increased, then
the width of the conducting channel of JFET is

(A) Increased. (B) Decreased.

(C) Remains same. (D) None of the above

Solution: (B)

Example 11: The input control parameter of JFET is
(A) Source voltage. (B) Gate voltage.
(C) Drain voltage. (D) None of these

Solution: (B)
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Example 12: The gate voltage in a JFET at which drain
current becomes zero is called
(A) Break down

(C) Cut-off.

Solution: (C)

Example 13: In a common source JFET amplifier, the
output voltage is

(A) In phase with the input. (B) 90° out of phase.
(C) 180°0out of phase with input. (D) None of the above.

Solution: (C)

(B) Active.
(D) Saturation.

Example 14: The constant current region of a JFET lies
between

(A) Cut-off and saturation.

(B) Cut-off and pinch off.

(C) Pinch off and break down regions.

(D) Oand 7, .

Solution: (C)

Example 15: The trans-conductance of a JFET ranges from
(A) 0.5to 30 mA/V. (B) 100 to 500 mA/V.
(C) 500 to 750 mA/V. (D) Above 750 mA/V.

Solution: (A)

INTRODUCTION TO MOSFET

The main drawback of JFET is that its gate must be reverse
biased for proper operations of the device i.e., it can only
have negative gate operation for n-channel and positive
gate operation for p-channel. The name MOSFET stands
for “Metal Oxide Semiconductor Field Effect Transistor”.
The insulating layer between the gate and the channel has
resulted in another name for the device, insulated gate FET
or IGFET.

MOSFET’s broadly classified into two categories. These
are

1. Depletion mode MOSFET or D-MOSFET
2. Enhancement mode MOSFET or E-MOSFET

D-MOSFET

Construction of the n-channel depletion
mode MOSFET

> SiO,

&y

™ N-channel
P-substrate

(a)

D
SiO,, layer *

N
- ;

L n

g

(b)
Figure 6 (a) N-Channel, (b) D-MOSFET

' (Substrate)

N-channel

The D-MOSFET can be operated in both the depletion-
mode and the enhancement-mode. The device consists of a
p-type substrate into which are diffused two heavily doped
n*-type semiconductor blocks. In between the blocks, is
a lightly doped n-type channel. The majority carriers e’
flowing from source to drain must pass through the narrow
channel between the gate and the p-type region.

A thin layer of metal oxide (SiO,) is deposited over a small
portion of the channel. A metallic gate is deposited over the
oxide layer. A SiO, is an insulator; therefore gate is insulated
from the channel. Since the gate is insulated from the chan-
nel, we can apply either negative (or) positive voltage to the
gate. Since, D-MOSFET can be operated in both depletion-
mode and enhancement-mode JFET can be operated only In
depletion-mode. If a “+ve’ potential is applied to the drain,
since electrons of the n-type drain block are attracted towards
the +ve terminal. If a “—ve’ voltage is applied to the gate, +ve
charge carriers would be induced in the n-type channel. There
tend to join with free e”’s present in the channel, they creating
a depletion region and increasing the channel resistance the
MOSFET is termed as depletion mode MOSFET.

Ifthe gate is given +ve bias with respective source, the num-
ber of charge carriers i.e., e’s in the n-channel further increases,
with the result that the drain current increases. It means that a
‘+ve’ gate bias the depletion mode MOSFET can be operated
as enhancement mode MOSFET shown in Figure 6.

Transfer characteristics of D-MOSFET

The drain and transfer characteristics
depletion—enhancement mode MOSFET.

of a n-channel

,D(mA)

A

Ves=2V }Enhancement
Vgs=1V mode

Ves=0V
Vas=-1V
Ves=-2V

Depletion
mode




,D(mA)
Depletion e Enhancement
mode T
~Vas Vas(off) of Vas

(b)

Fifure 7 (a) Drain characteristic, (b) transfer characteristics

Enhancement Mode MOSFET or E-MOSFET
There are two types, enhancement p-channel and n-channel
types.

p-channel E-MOSFET
Source Gate (-) Drain
SiO2 | |
\ I— IFH Metal
Z v contacts
po | 900 T &
»
Induced
n (Substrate) p-channel

Figure 8 p-channel Enhancement type

A lightly doped n-type substrate into which two highly doped
p'regions are diffused. The p* regions act as source and drain.
A thin layer of SiO, is grown over the surface of the structure,
and holes are cut into the oxide layer, allowing contact with
the source and drain. The gate metal area is overlaid on the
oxide, covering the entire channel region. Metal contacts are
made to the drain and source. When the gate is given nega-
tive supply voltage, positive charges will be induced is the
substrate between the source and drain, forms an inversion
layer. Current flows from source to drain through the channel.

n-Channel E-MOSFET

Source Gate Drain
SiO2 | | |
N[ ] |
. E= =l
N+ N N+
P (Substrate) Diffused
channel

Figure 9 n-channel E-MOSFET

A n-channel is diffused between two n+ regions is a
p-substrate. With gate potential is zero, maximum drain
current flows. When gate is given negative supply, positive
ions are induced into the channel, thus reduces the conduc-
tivity. The operation is similar to that of JFET.
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2
I,=1,,= (l—@] for [V s 121V} |
VT
E-MOSFET operates only in the enhancement mode and has
no depletion mode, and the E-MOSFET has no physical chan-
nel from source to drain because the substrate extends com-
pletely to the SiO, layer. The minimum value of V., of proper
polarity that turn ‘ON’ the E-MOSFET is called ‘Threshold
voltage’ Vs - The n-channel device requires positive V. >

Vasan and the p-channel device requires negative V(= Vg ,)-

D
n+
G
P I— B
T substrate
SiO, layer:
n+
No
channel
S
(a)
D
P+
G
n I— B
substrate
SiO, layer. pr
S

(b)
Figure 10 (a) n-channel E-MOSFET, (b) p-channel E-MOSFET
It does not conduct when gate-source voltage V. = 0. This
is also called normally-off MOSFET. In these MOSFETs

drain current /,, flows only when V.= V. .

Vas

‘Al metalization
layer

G

Z. W//////’

N

+

—» SiO, layer

Induced n-channel
formed by electrons.
p-type
substrate

Figure 11 Operation of n-channel E MOSFET
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Case (1): V=0V and V, = +ve voltage

When V. = +ve voltage and no potential is applied to the
gate, the two n-regions and one p-substrate form two p-n
junctions connected back-back with a resistance of the p-
substrate. Both the junctions are in reverse biased at the same
time. So only a reverse leakage current flows.

The minimum value of gate-to-source voltage V. that is
required to form the inversion layer (N-type) is termed the
gate-to-source threshold voltage V'

GS(th)*
IfV <V, thenl =0A (OFF)

GS(th)
V> (ON)

GS = VGS(th)
An n-type inversion layer connects the source to drain and
the drain current 7, is large depending upon the device being
used Vi, may vary from less than 1 V to more than 5 V.
JFET and D-MOSFET are classified as the depletion
mode devices because their conductivity depends on the
action of depletion layers. E-MOSFET is classified as an
enhancement mode device because its conductivity depends
on the action of the inversion layer. Depletion mode devices
are normally ON when V. = 0V also. Whereas enhance-
ment-mode devices are normally OFF when V_, = 0V
shown in Figure 12.
Ip(mA)

A

Vas=8V
Vas=7V
Vas=6V
Ves=5V

Vgs=4V
Vas= Vr

:
A S

ol g Vbs(v)

Figure 12 Drain characteristic of an n-channel enhancement
MOSFET

Vesiy  Vasion)

Figure 13 Transconductance curve for n-channel E-MOSFET
Drain current relations
1), = K[V _VT]2
Where, V= Vasan = Threshold voltage

K — ID(on)

2
[VGS(on) - VGS(th)]

Increasing order of input impedance:
BIT < op-amp < JFET < MOSFET

Relationship between I, and V¢
MOSFET in triode region

w V:
]D = luncax 'Z|:[VG _VT]'VDS _%:|

Where, K’ = u C

n - ox

= transconductance parameter

% = Aspect ratio

C — gox

ox
ox

W 1
s, =K, T{(Vcs V) Vs _EV;S:I

1
I, = K|:(VG =V Wps _EV;Sj|

C W
Where, K = u”%

Case (2): MOSFET in saturation region
Vo2 Veand V, 2 (V.o V)

GS ™ D

Let V, V.-V

DS(sal)= G T
K, w
=77

[(Vos = V7 )2]: K(VGS -V )2

‘Ltn COXW
2L
For n-channel E-MOSFET

Where, K =

The Body Effect

Induced n-channel

p-type substrate

Figure 14 Enhancement n-MOS transistor as V, is increased.



In many applications the source terminal is connected to the
substrate (or body) terminal B, which results in the p-n junc-
tion between the substrate and the induced channel having
a constant zero (cut-off) bias. In such a case the substrate
does not play any role in circuit operation and its existence
can be ignored altogether shown in Figure 14.

In Integrated circuits, the substrate is usually common to
many MOS transistors.

In order to maintain the cut off condition for all the
substrate-to-channel junctions, the substrate is usually con-
nected to the most negative power supply. In an N-MOS
circuit, (the most positive in a P-MOS circuit). The result-
ing reverse-bias voltage between source and body (V, in an
n-channel) will have an effect on device operation.

The reverse bias voltage will widen the depletion region;
this in turn reduces the channel depth. To return the channel
to its former state ¥ has to be increased the effect of V', on
the channel can be represented as a change in the V.

Ve =V +7I, /2¢f +V — /2¢f.]
Where,

V., = Threshold voltage for V', = 0;
¢,= constant (2¢,= 0.6 V)

29N e,

c

ox

V. — Threshold voltage
From the above equation it indicates that an incremental
change in V, gives rise to an incremental change in V' i.e.,
in an incremental change in /, even through V= constant.

Since the body voltage controls /,, then the body acts as
another gate for the MOSFET, this is known as the body effect.
Note: Both V_ and K are temperature sensitive the magni-
tude ¥, decreases by about 2 mV/°C rise in temperature and
K’ decrease with temperature.
v, l=1 ” Tk’ L | (more decrement)

=ie., [, 1 (Overall effect)

.. The overall observed effect of a temperature increases in
a decrease in drain current.

Summary of the MOSFET
Current —Voltage Characteristics

VpszVgs—Vr

Ip(mA)
4 ) <+—— Saturation ——
Triode .
— region
region
Vas
o — > Vpg(V)
\ Vas<Vr

(cut-off)
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N-MOS Transistor

1. Triode region: conditions.
Vo2V, (MOSFET ON)
Vs < V.~ V, (continuous channel)

g
CO’C = —
-t

ox

1-V relationships

w 1
[D = lun .Cox T|:(VG _VT)VDS _EV;S:I

For V<< 2(VGS7 VT)
v, 1

—_DS _

ds
/ w
s l:luncox .I(VGS _VT):l

2. Operation in the saturation region: conditions.
V2V, V2V =V,

DS —
Y V.-V

DSGat) 7 GS T
1-V relationships

1 w
I, = El"tncox I(VGS - VT)2(1+;LVDS)

IfA=0

Loc W

n~"ox T(VG _I/T)2

Dsat 5
Threshold voltage:

Ve =Vio + 120, + Vsl =26,
Parameters

C, == (F/m’)

ox

K =u C _(A/V?)

1
=— !
Y VA( )
\J2gN &,
7/——

- COX (VI/Z)

Constants
€,=8.854x 10" F/m
€, =39¢,
e =117¢,
0=16x10"C

PMOS Transistors

Conditions for triode region
V.SV, (ON State)

GS —

V.52 Vs — V, (continuous channel)
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W 1
I, = Kp T[(Vcs V)V _5V33:|

K =u,C

ox*

Conditions for saturation region
Vs < Voo — V, (pinched-off channel)
1 w

I, = EKJ’, I[VGS -V, F(A+A-V,)
Where V., V,, Aand V all are negative.
IfA=0
1 /4
I, =5‘up -C,, 'I[VSG_|VTH2

Example 16: The threshold voltage of an n-channel
MOSFET can be increased by

(A) Increasing the channel dopant concentration.

(B) Reducing channel dopant concentration.

(C) Reducing the gate-oxide-thickness.

(D) Reducing the channel length.

Solution: (C)

Example 17: A MOS capacitor made using p-type
substrate is in the accumulation mode. The dominant charge
in the channel is due to the presence of

(A) Holes. (B) Electrons.

(C) Positively charged ions. (D) Negatively charged ions.

Solution: (A)

Example 18: The drain of an n-channel MOSFET is
shorted to the gate so that V., = V.. The threshold voltage
(V,) of MOSFET is 2 V. If the drain current /, is 2.5 mA for
Vi,e=3Vthenfor V. =5V is
(A) 4 mA.

(C) 15mA.

Solution: (D)
If V.=V, = MOSFET in saturation region,

(B) 9 mA.
(D) 22.5 mA.

=" V1,
[,=2.5mA
V. =3V V,=2V
2.5%10° =%"(3—2)2
K =5x103A/V?

n

K =5mA/V?

K
I, = 2n (Vss _VT)2
VGS: 5V then,
ID =2.5%x103(5-2)?
ID =22.5mA.

Example 19: In the circuit shown below for the MOS
transistors. 4 C = 150 wA/V?, and the threshold voltage

.VT =1 V. The voltage V  at the source of the upper transistor
is

(A) 2V.
(C) 4V.

Solution: (B)

(B) 3V.
(D) 5V.

K"l 2 K”z 2
T(ch V) = T(Vcsz -V
Where VGSlz 5=V,
%(ISOXIO_(’)(S)(S—VO —1)2 = %-(ISOXIO_(’)(Z)(V0 —1)2
2(5—1/;— 1)=(VD—1):>8—2 V,= Vg—l
3 V;=9:> V;=3V.

Common Data for Questions 20 and 21: The D-MOSFET
used in the amplifier shown below, has an 7, ,.= 10 mA and
g,=3.5mA/V

Vpp=15V
650 Q
v I—l—o 0
in C1
12MQ S Rg RL% 9.35 kQ2

Example 20: The DC drain-to-source voltage V, is
(A) 5V. (B) 7.5V.
(C) 85V (D) 10V.
Solution: (C)
The input signal is capacitive coupled to the gate.
For D.C value of V.= 0V (C — open ciruit)
W ,=1,,=10mA
Vos=Vop =1y R,
=15-10x103x650=8.5V.

Example 21: The AC output voltage for ¥, =450 mA is

(A) 0.96V. (B) 1.2V.
(C) 1.5V (D) None of the above
Solution: (A)
RAC = RD || RL
=650 Q1]9.35 kQ



_ 6.077x10°

10x10°
=608 Q
Vout = Av. Vin = (gm .RAC) ’ Vin

=3.5%x107° %608 x 450 107
=0.96 V.

Example 22: The MOSFET differs from a JFET mainly
because

(A) The JFET has a pn junction.

(B) The MOSFET has two gates.

(C) Of power rating.

(D) None of the above

Solution: (A)

Example 23: The p-channel D-MOSFET with a negative
V.18 operatlng. n

(A) The depletion mode.
(C) Cut-off region.

Solution: (B)

Common Data for Questions 24 and 25: Consider a pro-
cess technology for which L . = 0.5 um, ¢, =10 nm, u =
500 cm*/V-sec, and V,= 0.7 V.

Example 24: Find C_and K|

(A) 3.45x 107 F/m?, 172.5 mA/V?
(B) 5.5x 107 F/m?, 172.5 pA/V>
(C) 3.45x 1072 F/m?, 172.5 pA/V?
(D) 3.45x10° F/m?, 172.5 mA/V?

Solution: (C)

(B) The enhancement-mode.
(D) Saturation region.

Weknowcox 28&2395—80
: tOx tOx
=11
= M =3.45x10" F/m’.
10x10
Kﬂ = Hﬂ : C(L\f
2
=500x " %3.45%107 F/m>
V-s
mZ
=500x10""* x3.45%107 F/m?
V —sec

=500 x 3.45 x 107A/V?
K,=172.5 pA/V2,

Example 25: For a MOSFET with%zS, calculate the

values of Vi and V) . to operate the transistor in the
saturation region with a DC current /)= 80 ©A

(A) V=113,V =043V

(B) V=043V, V =113V

(C) V=225V, V, =155V

(D) None of the above

Solution: (A)

K

We know [, = 4
2 L
1,=80 uA

(VG - VT )2
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80x10° = %XIO"’ x5(Vos =V, )
(Vo= V,)»=0.1855

Vos= V=V psoim =043V

V,=043+07=1.13V.

Example 26: The value of V,_  required causing the device
to operate as a 1.25 kQ resistor for very small V,_is
(A) V=12V B) V=18V
©) V=163V (D) V=2V
Solution: (C)

For the MOSFET in the triode region V. very small

w

1
I, =K, -I(VGS =V Wi [neglectEVzDsj

4
We know 7, =2, small Vg
ZD

1

Tps =
w
K, (LJ(VGS_VT)

50 = _
172.5%10°° (V5 —V; ) x5
V.~ V,=09275
V. =163V.

Example 27: An n-channel JFET has /. = 1 mA and
V,=-4V Its transconductance g_(mA/V) for an applied

gate to source voltage V_ of -3 V is

Oy 2|y Vos
VP

Solution: &, = =
OV [V,

_2x1x10°(, 3
4 —4

_ 2x1x107°
4x4

Example 28: An ideal p-channel MOSFET has C = 8 x
10 F/em?. u, = 300 cm?/ Vs, 1=2 um, t_=250A°V, =
—0.8 V, w=15 um. If transistor is operating in non saturation
regionat ¥, = 0.6V, value of g is

Solution: 7, = HCuw (2(Vgs +VWsp = Vsi))
_ 300x8x107°* x15x107*
2x2x107*
(206 +V, Wy =V |
=9x107° [ 20y +V; Wsp =V |

=0.125 mA/V.

D

ol,
OV
=0.6x9%x107°%x2=0.108 ms.

Example 29: For a given JFET, /. = 15 mA, V,= -4V,

DSS
V,s = 10 V. Value of resistance R; for a drain current of /,

=7 mA is

g, = =9><10’5><2><VSD
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2
Vs
Ve

2
7x107 :15x103{1—@)

Solution: 7, =1, (

0.6831 :1—&
4

V. =03168 x 4

=-1.2674
Vos = ~Ips R,
R - 1.2674
7 mA
=181.05 Q.

Example 30: A JFET fixed bias configuration has an
operating point defined by Viso = —2Vand/ o = 5.625 mA
with [, . =10 mA and V,=-8 V. Y =40 us. Determine the

value of Av and rd.

21
Solution: &, = =
v,

2x10 mA
8V

”
- 1-—=22 |=25ms
gm gmo( V ]

P
(1—_—2j=1.88 ms
-8

A =—g R, =-188msx2kQ=-3.76

L. 25 kQ.
40 us

=2.5ms

1
R, =—
Yo
Example31: Consider ann-channel depletionmode MOSFET

having the parameters V,, = —1.5 V and K = 1 mA/V>.
IfV =0Vand ¥V, =03V then/ is

Solution: V¢ .. =V =V
=0-(-15)=15V
Vo <V,

ps <V pssa)
Biased in non-saturated region
Iy = kn 2V =V Wops = V.35 |
=1[2(0-1.5)0.3—(0.3)*]
=1[2(1.5)0.3-(0.3)*]
=[0.9-0.09]=0.81 mA.

Common Data for Questions 32 and 33: Consider an
n-channel Si JFET with the parameters N, = 5 x 10"/cm’,
N,=10"%cm’. a=0.3 um, L =6 um, w =25 um, p_= 1000
cem’/VS. V.. =0

Example 32: The pinch off current 7 is
u(eNa)zwa3
6eL
1000 (0.6 x107"" x5x10")* x25x107* x(0.3x107*)’
- 6x(11.7x8.85x10 " x6x10™)
~1000x6.4x107x 6.75x107"
- 3727.62x107"

-20
= A0y 15,107 20,015 mA.
3727.62x10

Example 33: Maximum drain current / it

Solution: [, =

)IS

Solution: |, (max)=1, pﬁ 1_2 ybi
‘ ' Vpo 3\ Vpo
_ ea’ Na
po 280

C(1.6x107°)(5x10%)x(3x107)?
2(11.7x8.85x107)
=0347V

15 18
v, =0.0259 In| Ox10"x100)
(1.5x10")

5%10% j

=0.0259 In -
2.25%10

=0.0259 In(2.22x10")=0.79593 V

I =05 1-[3x 212 ]| _2 [9796
0347))1 " 3V0.347
=32 mA.

Common Data for Questions 34 and 35: An n-channel
JFET has a pinch of voltage of 3.5V and /., = 6 mA.

Example 34: At what value of V_, will /,  equal to 2 mA?
2
Vs
VP
V. =-35/1- &0’3
o= T Vex10”

= 3.5 (0.42264)

=-1.4792 V.
Example 35: Find the value of g at this 7, . ?

Solution: 7, =1, [

21 V
Solution: &, = f X [1 - %j

f
-2x6x107 (1_ 1.4772
-3.5 3.5

—2x6x107 x0.57737

-3.5
=1.97 ms.

En =
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Practice Problems |

Directions for questions 1 to 27: Select the correct alterna-

tive from the given choices.

1. Find the resistivity of a p-channel Ge JFET with half
channel height of 2 pum and pinch-off voltage of 3.94 V.

(Consider u,= 1800 cm?/V-sec. € = 16)

(A) 0.02 Q-cm
(C) 0.02 Q-m

2. +30V

5kQ

For the given n-channel JFET, /, =6 mA and [ =2.5

mA when V.=-1V

Calculate V_ for a drain current of 3 mA is

(A) =0.71V
(C) —0.86V

3. Consider an n-channel silicon JFET with @ = 4 um,
W =120 wm and L = 6 um. Find drain to source
resistance for V., = 0 V if channel resistivity is 10

cm.
(A) 425Q
(C) 475

Assume threshold voltage of both transistors is 2 V and

(B) 0.2 Q-cm
(D) 0.2 Q-m

(B) -0.79V
(D) -0.69 V

(B) 625
(D) 675

B, =B,. Find V_ when V. =6 V.

(A) 5V
(C) 835V

5. Consider a MOSFET with V, = 0.7 V, W = 8 um,

L=10.8 um, K =194 pA/NV.

The value of V,; need to operate the transistor in
saturation region with a D.C current /, = 100 pA.

(A) 1.02V
(C) 032V

(B) 1325V
(D) 325V

(B) 0.7V
(D) 1.72V

10.

EXERCISES
6.

Consider a MOSFET with V, = 0.7V, W=8um, L=0.8
um, K = 194 nA/v2.

The value of V. required causing the device to oper-
ate as a 100 resistor for very small V.
(A) 1.02V B) 1.2V
(C) 0.52V (D) 1.52V
An n-MOS enhancement transistor with /., =0.7 V con-

ducts a current of 7/, = 100 pA when V=V, = 1.2 V.
Find the value of 7 for V. = 1.5V and V, ;=3 V.

(A) 128 pA (B) 100 pA
(C) 256 uA (D) 200 pA
+2.5V
Rp
Vp
Rs
-25V

Assume V, =1V, K = 60 pA/V? and %z%.Find
the value of R and R so that the transistor operates at
I,=03mAand V, =04V,

(A) 7k and 3.3k

(B) 33k and 7k

(C) S5k and3.3k

(D) 33k and 5k

+5V
R
Vp=0.1V
—

AssumeV, =1V and K % =1mA/V’.Find the value

of R, to obtain a drain voltage of 0.1 V
(A) 114k (B) 124k
(C) 10.5k (D) 9.6k

+10V
10 MQ 6 kQ
10 MQ 6 kQ
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11.

12.

13.

LetVT:1V,K-%:1mA/V2. Find the region of

operation and drain current.
(A) Active, 0.89 mA
(C) Active, 0.5 mA

(B) Saturation, 0.89 mA
(D) Saturation, 0.5 mA

+2.5V

25V
Assume both n-MOS and p-MOS has same

K-%:lmA/Vz andV, =V, =1V,

Find 7 ,and/ ,, when V, =0V
(A) 1.125 mA, 0 mA

(B) 0mA, 1.125 mA

(C) 1.125mA, 1.125 mA

(D) 0 mA, 0 mA

+2.5V

-25V

Assume V, =1V K-% =1mA/V?* for both. Find V,
when V| =+2.5V.

(A) —2.44V (B) +2.44V
C) 5V (D) 0V
—
[ —
Vo
10 kQ

14.

15.

16.

Assume both transistors are perfectly matched with

K-%:lmA/V2 anthn =—Vt) =1V.

Find Vv, when Vv, =+25V.

(A) -1.04V (B) +1.04V
) oV (D) 2.5V
15V
8 MQ 10 kQ
ID
7 MQ 10 kQ
w
Assume the MOSFET has V, = 1 V and K Z

=1 mAV?. If the current flowing is /, = 0.5 mA initially,
calculate the percent change in the value of /, when
the MOSFET is replaced with another having same

K Pvur =15V,
L

(A) Decreases by 9%
(C) Remains same

(B) Increases by 9%
(D) None of the above

+5V
R

/ ref

Qe
1 VG Qz

19+

-5V

Assume V, =1V, K(%} ,=0.8mA/V?and two
1

Transistors O, and @, having equal length but widths
related by W, = 5W,. Find the value of R, to obtain /
=0.5 mA.

(A) 45kQ (B) 85kQ

(C) 65kQ (D) 55kQ

For a CMOS inverter with matched MOSFETS having
V. :_pr =1VandV,, =5V.

Find noise margin for HIGH level.
(A) 2.1V
(B) 25V
(C) 29V
D) 2V



17.

18.

19.

20.

For a CMOS inverter with matched MOSFETS having
V==V, =1VandV,, =5V

Find noise margin for LOW level.
(A) 2.1V
(B) 29V
(©) 25V
(D) 2V

A 1.2 ym CMOS inverter uses L = =L = =12 pm, W,
=1.8 um, k, =80 uA/V?, k,= 27},LA/V2 V =08V, VDD
=5V. Calculate the Value of output resistance of the

inverter when V.=V,

(A) Tk (B) 15k
©) 2k (D) 3k
Vpp=10V
—d
Vin.—
o

AssumeV, =-V, =2V, (%j =20, (%) =40 and
n P

nC,=2u,C =20 pA/v2. Find the peak current drawn

n - ox

from V, durmg switching.

(A) 1.2mA
(B) 1.8mA
(C) 0.8 mA
(D) 1.6 Ma
+1V +1V
VO
2 mA
-9V

AssumeV, =+1V, K (%j =1mA/V?.Find V, for the
circuit shown.
(A) +2V
(C) -9V

(B) 2V
(D) +1V

Common Data for Questions 21 and 22: Foradepletionmode

NMOS transistor with V= -2V and K (%j =2 mA/V?.

21.

Find the minimum V' required to operate in the satura-
tion region when V= +1V
(A) -1V

©) 2v

(B) +1V
(D) 3V

22.

23.

24.

25.
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For a depletion mode NMOS transistor with V, = -2V
andK(%j =2mA/V>.

The value of drain current /,, when VgS =+1Vis

(A) 3mA (B) 6 mA
(C) 7.5mA (D) 9mA
+5V
For the depletion mode MOSFET, assume

K(%):4mA/V2 and ¥, = -2 V. Find the voltage

across the source terminal.

A -1V (B) +1V

(C) 3V (D) +3V

Assume k, = 2.5 pA/V?, k = 10 pA/V2, [V =1V, L
= 10 pm, W = 30 pm. Find the output voltage V as
shown.

+3V
—
VO
—
(A) 4.1V (B) 2.0V
(©) 28V (D) 42V
+5V
R
120 pA
35V
Q,

———e15V

St

4

Assume each NMOS transistor has V, = K =120
BWA/VZ L =L, =1pm.
Find the value of gate width of Q..
(A) 8 um (B) 4 um
(C) 2pm (D) 1 um

{4
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26. +5V

40 kQ 40 kQ

T Q, |__l_

L eV,=?

<$>ZOOHA

Assume both Transistors have V=1V, K=100 HA/VZ,
% = 20. Find the value of V/ indicated.

(A) 132V
(B) 1.68V
) -132V
(D) -1.68 V

27. Assume each transistor has ¥, = 1 V, and K -%:2

mA/V?. Find the current flowing through drain of Q..
+10V

(A) 1.23mA
(C) 148 mA

(B) 2.44 mA
(D) 2.65 mA

Practice Problems 2

Directions for questions 1 to 18: Select the correct alterna-
tive from the given choices.

1. Find the pinch off voltage of a silicon n-channel JFET
with half channel height of 2 um and donor concentra-
tion of 7 x 10" atoms/cm?

(A) 3.1V (B) 41V
©) 21V D) 1.1V

2. The logic function realized by the given circuit is

£+VDD

e Y

B
D

Ao
oo

B) (4+C)+(B+D)
(D) A4+B+C+D

(A) (4+C)B+D)
(C) (4+B)+(C+D)

3. Vp

VG=
+1.5 Volt

For the given NMOS enhancement with K= 100 pA/v?,
W=10um, L=1pmand V.= 0.7 V. Find the region of
operation and drain current when ¥, =0.9 V.

(A) Triode region, 275 pA (B) Saturation, 320 pA

(C) Triode, 320 pA (D) Saturation, 275 pA
4. Find the value of aspect ratio (W/L) and R, to obtain

drain current of 160 pA and V, of 1 V.

Assume V, = 0.6 V

K =200 pA/V?

+3V

R
Vo
(A) 8and 25k (B) 10and 25k
(C) 10and 12.5k (D) 8and 12.5k
5. +10V
10 MQ Rp
Ip=0.5mA

10 MQ 6 kQ
LetV,=1Vand K .%: lgle . Find the largest value that

R, can have, while the transistor remains in saturation with
0.5 mA of drain current.
(A) 8k

(C) 12k

(B) 10k
(D) 16k



+25V
— 5 Qy
Ion
.—
Vin Inp Yo
Qp 10 kQ
-25V
Assume both transistors are perfectly matched with
K-%:lmA/VZ andV, =V, =1V
Find 7, and/,,whenV, =0 V.
(A) 0mA, 0 mA (B) 0 mA, 0.104 mA
(C) 0.104 mA, 0 mA (D) 0.104 mA, 0.104 mA
+5
Rp
Rg Ip=0.5mA

Assume V, =1V, K.% =1mA/v?. Find the value of
R

D

(A) 3k (B) 6k
©) 9k (D) 75k
0V
Qp
Vg=10V %
S Oy

The given CMOS inverter

hasV, =-V, :2v,(KJ = 40, (Zj =20,
n » L ) L ;

1w C =20 pA/N

Find the maximum current that the inverter can sink
while V= 0.5 V.

(A) 0mA (B) 1.25mA

(C) 1.55mA (D) 1.75 mA

- A 1.2 pm CMOS inverter uses L = L = 1.2 pm, W,
= 1.8 um. Find the value of w, that would result in
0, and Q, being matched. Assume K = 80 nA/V? K,
=27pA/V%V, =08 Vand V,, =5V.
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(A) 1.8 um
(C) 5.4pum

(B) 3.6 um
(D) 7.2 um

Common Data for Questions 10 and 11:

10.

11.

12.

13.

q VDD:10V

—ilS

Vi R
- IS pF

AssumeV, =V, =2V, —| =20;| —| =40,K =
" ’ L), L), !
2k, =20 LA/VZ,

Find the dynamic power dissipation when the inverter
is switched at a frequency of 2 MHz.

(A) 3mW (B) 30 mW

(C) 6 mW (D) 15 mW

Average current drawn from the power supply is

(A) 0.3mA

(C) 3mA
+5V
R

120 pA
Vo

(B) 0.6 mA
(D) 30 mA

Q

———e 15V

L |:lo1

Assume V, =1V, K =120 pA/V*, L, =L, =1 um, W,
=8 um, W, =2 pum. Find the value of R indicated

(A) 25k (B) 12.5k
(C) 125k (D) 2.5k
+1V +1V
VO
2mA
-9V

Assume V, =+1V, K - [%j =1mA/V’. Find ¥/ for the
circuit shown.
(A) 12V
) -9V

(B) -2V
(D) +1V
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14.

15.

16.

o5V

For the PMOS transistor, assume V, = -0.7 V, K,
=60 pA/V?, L = 0.8 pm. Find the value of W, in order
to establish a drain current of 115 pA and a voltage, V,
of 3.5V.

(A) 0.8 um
(C) 4.8 um

(B) 2.4 pm
(D) 3.6 ym

Assumel, =2V, K.z =1mA/V*.Find V7, and V,
labeled as shown
+10V
%4 kQ

(A) 2Vand4V
(C) 2Vand 4V

(B) 2Vand 4V
(D) 2Vand4V

Assume V. =1V, K - % =0.4 mA/V?.

t
Find the value of drain current.

+5V
100 kQ

1=7?

17.

(A) 0.024 mA
(B) 0.036 mA
(C) 0.048 mA
(D) 0.072 mA

L
CHe
F o,

—.V2

1 kQ

1w

AssumeeachNMOShas ¥ =1V,and K - % =2 mA/V?.

Find the voltage V| shown in figure.
(A) 571V
(B) 6.25V
(C) 2.52V
(D) 523V

Assume ¥, =1 Volt, K = 100 pA/V? and W/L = 10. Find
the value of V/ as shown.
(A) 1V
C) 2V

(B) 3V
(D) 0V
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1.

PRrEvious YEARS’ QUESTIONS

The value of R for which the PMOS transistor in fig-

ure will be biased in linear region is [2004]
(A) 220 Q (B) 470 Q
(C) 680Q (D) 1200 Q

. Assume that the n-channel MOSFET shown in figure

is ideal, and that its threshold voltage is +1.0 V. The
voltage V/, between nodes a and b is:

[2005]
1kQ 1 kQ
VIV VWS O a
T ol s
10V 3 Vab
2 VT
¢ ob
(A) 5V B) 2V
©) 1V (D) OV

. The conduction loss versus device current character-

istic of a power MOSFET is best approximated by
[2005]

(A) aparabola

(B) a straight line

(C) arectangular hyperbola

(D) an exponentially decaying function

VDD= 25 V
R=10kQ
Vout
+
Vip=2mV
2V
Ips(mA)
A
4 ] VGS = 4 V
3 —
3V
P 2V
1V
1
0 :
Vps(V)

4. (a) The transconductance of the MOSFET is:

(A) 0.75 ms (B) 1 ms

Common Data for Questions 4a and 4b: Assume that (©) 2ms (D) 10 ms

the threshold voltage fo the n-channel MOSFET shown (b) The voltage gain of the amplifier is:

in figure is +0.75 V. The output characteristics of the (A) +5 (B) -7.5

MOSFET are also shown. [2005] (©) +10 (D) —-10

ANswER KEYs

Exercises
Practice Problems |
1. A 2. A 3.B 4. C 5 C 6. B 7. C 8. B 9. B 10. D
11. C 12. A 13. B 14. A 15. B 16. A 17. A 18. C 19. B 20. B
21. D 22. D 23. B 24. B 25. C 26. C 27. B
Practice Problems 2

1. C 2. C 3.B 4. C 5 C 6. A 7. B 8. C 9. C 10. A
11. A 12. B 13. B 14. C 15. C 16. B 17. B 18. D
Previous Years’ Questions

1. D 2. D 3. A 4. (a) B (b) D
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