MOS Field-Effect
Transistors (MOSFETS)

Lecture # 3 '
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Voltage applied at the gate terminal controls the flow of current between source and

drain and it flows longitudinally from drain to source in the areas called channel
region.

Insulated Gate Device.
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MOSFET OPERATION ;"‘(‘

+ Gate electrode E5ppR0
—_

Induced

n-type D

channel

p-type substrate

Depletion region

When there is no bias voltage at Gate, resistance between Source & Drain is very high of the order of 10'2 Q.

The amount of voltage Vg at which sufficient number of mobile electrons accumulates in the channel region, to
form a conducting channel is called a threshold voltage.

An electric field is developed vertically. This is the field which controls the amount of charge in the channel and
thus the amount of conduction in the channel. Reason of calling FET.
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MOSFET OPERATION V ;"(f"a

+ 5, ER®
tps (small)

Induced n-channel

p-type substrate

Applying a small voltage Vs between drain and source, so the current I, flows from drain to source, the current will
depend upon the density of electron in the channel which in reality depends on the amount of V.

Current will be small (no current) until Vg equal to V; but as it will increase channel depth increases and so is the
current.

Current I, is proportional to (Vg — Vi) and of-course Vg which causes I, to flow.
Dr. D. M. Akbar Hussain
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I, -Vps Characteristics é"(‘

5, ER®

L,

13w

in{mA)

[N} gy = W, + 05V

/o

i 0 100 150 200 g (V)

T
It can be seen that MOSFET acts as a linear resistor whose value is @d by Vy.\ The

resistance is infinite when Vg is equal or smaller than V. —

Channel is enhanced with increasing Vg . (Name Enhanced Mode Operation)

Dr. D. M. Akbar Hussain

Copyright © 2004 by Oxford University Press, Inc. Department of Electronic Systems

R Q@U'ﬁfp%
When V4 is Increased ;K‘a
Vg increases as you go along the channel from source to drain, E5p,E00

measured with respect to source (from 0 to Vg ).

So what happens to gate potential along the channel at different
points moving in the same direction ?

n-channel

p-lype subgfrate

Vg is maximum as [Vgg — (minimum Vg )] L. .
Vg is minimum as [Vgg — (maximum Vpg )]

Dr. D. M. Blktbar Hussain
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I, -V,s Characteristics
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Vpsat = Vs =V sS4
DSat GS t o
£5p,e00
When no Vg is applied
Source Channel Drain
Ups 4]
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Derivation of I, -V, Characteristics ;K‘
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Gate

/ Oxide

Capacitor of value
/ C, W dx

Source

Channel

» Voltage

Cox = 8ox/tox (8o 18 the permittivity of the silicon oxide and t,, is the thickness.).
Dr. D. M. Akbar Hussain 9
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Derivation of I, -V, Characteristics 39«(’&

We have considred a very small strip at a distance x from the source. &gg ca0
The capacitance of the strip is C, Wdx

To find the charge store in this strip we multiply it with effective voltage
between the gate and the channel point x.

dg = -C,, W)V —v(x)-v,]

The voltage V4 produce an electric field along the channel in the - ve direction.

-— E(x)= —% this field cause the charge to drift towards the drain with

= =W yelocity ds/dt.

dx dv(x)
L —-_LE -
e ()= u, i

(4, is the mobility of the electrons.)

Resulting drift current is i = ?T?

Dr. D. M. Blktbar Hussain 10
Copyright © 2004 by Oxford University Press, Inc. Department of Electronic Systems




qu& Uﬁfp&%\

° ° ° °
Derivation of I, -V, Characteristics S ( %
EspyEn®
.. . dgdx . .
Rewriting i= Wt so we substitute all the values and we obtain :
X
1 i = —41,CoW [Vgs —V(X) -V, ]% iis constant at all points and is equal to i,
. S E dv(x
Ip =—i=ip =—i=4CW [VGS -V -V, ]L
dx
i50x = 21,CoW [Vgs —V(X)—V, Jdv(x) Integrating both sides with x =0 and x = L.
L Vos
! Jiotx= [ 4#,CoW [ves =v()—v, Jtv(x)
|
| 1 0 0
| |
' L ' w 1
: .: 'y :. : - Voltage ip = ”HCGX(T)[(VGS =V )Vps 75Vés} (Expression in Triode Region)
| | | ] -
The expression for saturation region can be obtained by substituting
Vos =Ves —Vi
ip = %ynCDX(WTj[(VGS —v‘)z] (Expression in Saturation Region)
Dr. D. M. Ekbar Hussain 1
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Circuit Symbol N Channel MOSFET 3 La

£5p,e00
D D D
o o o
G D—I +—oOB G O—I —o0B G D—I
o o] o
S S S
(a) (b) (c)
The voltage polarity determines the source and drain, basically,
drain is always +ve relative to the source terminal in n type FET.
Dr. D. M. Blktbar Hussain 12
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P Channel MOSFET

The device operates in the same way as n-channel MOSFET, the difference is
Vgs » V. and Vg are negative, also the current enters the source terminal and
leaves drain terminal.

Note:
NMOS can be made smaller, so they operate faster.

Dr. D. M. Akbar Hussain
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Circuit Symbol P Channel MOSFET ;‘(”?
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Ugs Y
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(d)
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Complementary MOS (CMOS) %
EspyEn®
Gate
oxide
n well
p-type body
Dr. D. M. Ekbar Hussain 15
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I, -Vy,s Characteristics Fy %
) w 1, N .
ip = 4,Cyy T (Vgs —V)Vps —EVDS (Expression in Triode Region) E5p e
ip (mA)
Ups = Ugs — V|
. 1 W > Lo . . ; Ups = Ugs — Y,
is :EH"C“X(TJ[(VGS —v‘)’] (Expression in Saturation Region) |__ ::;[i’g]: : [’ 5 Sal.)tsl.‘lraliogsregioél
ugs = V, + 2.0
=0 Py
——
+ l: vgs =V, + 1.5
s .I_ ‘i’ is =i
(a) tgs =V, + 1.0
| Yos = V,+0.5
— 1 k 4 W ups (V)
D — 5 Pn
2 L vgs = V, (cutoff)
(b)
a FET as Switch (Cutoff and Triode Regions are used)
a FET as an Amplifier Saturation Region is used.
Dr. D. M. Blktbar Hussain 16
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Drain C t(S Law Equation) I o
rain Current (Square Law Equation) I, 39‘(‘ A
£5p,e00
. 1., W 2
I, = 2_kn T(VGS - V)
i (mA)
20~
15
Lo
0 “‘:5 : I l\b
LA
Drain current is independent of the drain voltage Vg, basically it is
determined by the gate voltage Vg .
Dr. D. M. Ekbar Hussain 17
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Equivalent Large Signal Circuit Model ;"‘(L&‘%

5, ER®

f.a.' = [} 1

n

— ——
Go—o o D
+
Ugs 5 ky, % (vgs — Vr)z Ups
o S O
&5

ugs =V,
Ups = Ugs — Vi

As the drain current is independent of the drain voltage in the
saturation region, and it behaves as an ideal current source whose
value is controlled by Vg .

Dr. D. M. Blktbar Hussain 18
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Relative Levels

Q$u Uﬁfi’%

K

L,

13w

5, ER®
Voltage A Il
Il
Overdrive ‘
voltage Saturation Vg 2 Vgg — V,
ol 7 ,
T—=% — D
‘ rf i
Threshold 1 Triode Vps < Vgg — Vy
! !
S
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Exerxcise 4.1 fK‘ A
5, ER®

4

voltage, vz~ V,, of 0.5 Vo2 V.
Ans. 1 mA/VE 2k to 0.5 k0

ipimA)

0.4

0.3

ey

ol

.1 From the déscﬁi:tion above of the operation of the MOSFET for small Ypg, we note that iy, is proportional
to {5 ~ V,)ups. Find the constant of proportionality for the particular device whose characteristics are
depicted in Fig. 4.4. Also, give the range of drain-to-source resistances corresponding to an overdrive

V, +

L5V

(1] 50 100 150 200

Dr. D. M. Blktbar Hussain
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Exercises 4.2 & 4.3 gk‘

L,

13w

& } £5p,e00
0X -
C x — — K = H n C %

[ = ox - . )
For a 0.8-{m process technology for which #,, = 15 nm and 4, = 550 cmV-s, find Cop K, and the over-
drive voliage V= Vg5~ V, required to operate a transistor having W/ L = 20 in saturation with I, =
0.2 mA, ' What is the minimum value of V¢ needed?
Ans. 23 TR 127 LAV 0.40 V; 040 V _
Use the expression for aperation in the triode region to show that an ri-channel MOSFET operated with
an overdrive voltage V oy = V- V, and having a small Vs across it behaves approximately as a linear

resistance rpg,
W
ps = l/[kn ZVOV]

Calculate the value of rps obtained for a device having k), = 100 .uA.'VI and W/L = 10 when operated
with an overdrive voltage of 0.5 V.

Ans, 2kQ

‘/42 .
V43

| tm i =V
" ek |

-

oy = g — ¥,
Saturation regiom -

mgicn
0| ~ iy =V, + 20

. , W 1 ok
I, = kn T[(Vcs - Vt)VDS - 2_V[2>s ] { elitis

Dr. D. M. Ekbar Hussain 21
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Exercises 4.4,4.5 & 4.6 ;K"a

) £5p,e00
\A4 An enhancement-type NMOS transistor with V,=0.7 V has its source terminal grounded and a 1.5-V dc

applied to the gate. In what region does the device operate for (a) Vp = +0.5 V2 (b) ¥, = 0.9 V7

() Vp=3V?
‘/ Ans. (2) Triode; (b) Saturation; (c) Saturation

45 If the NMOS device in Exercise 4.4 has ¢1,C,, = 100 HAVZ, W=10 tm, and L =1 pm, find the value of

drain current that results in each of the three cases (a), (b), and (c) specified in Exercise 4.4,

Ans. (a) 275 uA; (b) 320 iA; (c) 320 A
V46 An enhancement-type NMOS transistor with V, = 0.7 V conducts a current ip= 100 iA when gy = upg

= 1.2 V. Find the value of i, for vg= 1.5 V and w5 = 3 V. Also, calculate the value of the drain-to-

source resistance 7pg for small vpg and vgg=3.2 V.

Ans, 256 yA; 500 Q

Voltage 1
ip =k WT[( Ves = Vi )Vps — ?Vés 1
Vps 2 Vg — V¢
e ! . L, W
! - D Ip :?knT(Ves ’V|)2
| Threstiotg 1—1F Vps < Vg — V,
=
Dr. D. M. Bitbar Hussain 2

Copyright © 2004 by Oxford University Press, Inc.

Department of Electronic Systems

11



qu& Uﬁfp&%\

L,

Finite Output Resistance in Saturation Fy ‘(‘ %
EspyEn®
~ Source Channel | Drain
|
|
I == UnSsm Vs | o = I = 1 Ups — Vpssa
| L — I\l AL
I |
| I
| |
I L :
Increasing Vi, beyond Vi, has some affect on the drain current, if we look at the
equation: | W
ip = —K, — (Vg — V)’
D 2 n L ( GS t )
we can see that the drain current is inversely proportional to the channel length and
as channel length decreases current will increase.
Dr. D. M. Ekbar Hussain 2
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Effect of V, on I, in the Saturation Region 39‘(('&

in A €5g,g00

I

Triode

. 1 W
Iy = ?knT(VGS —v)P(l+ AV )

A is a process technology parameter with dimensions of V! and that for a given
process A is inversely proportional to the length selected for the channel.
Dr. D. M. Blktbar Hussain
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Equivalent Circuit Model with Resistance

o0, ]
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€spyer®
s =0
—2-
G o—o0
+
Uis
’ ]
S 5 s
vgs =V,
Ups = Ugs — Vi
== i
G o—o ———0 D
+ +
) 1. W > <
Vs 5 knlvas — Vir :: i Ups
(o2 Q
Ls
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Exercise 4.7 S ‘/:E %
i
€spyer®

47 An NMOS transistor is fabricated in a 0.4~gan process héving 1,C,. =200 UAIV 2 and Vi = 50 V/pm of
channel length, If L = 0.8 pym and W= 16 ym, find V,, and A. Find the value of I;, that results when the
device is operated with an overdrive voltage Vo, = 0.5 V and Vpg=1 V. Also, find the value of 7, at this

operating point. If Vpg is increased by 2 V, what is the cotresponding change in [5?

Ans. 40 V; 0,025 V1 0.51 mA; 80 kQ; 0.025 mA

Copyright © 2004 by Oxford University Press, Inc.
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P-Channel MOSFET ;‘(‘f&
. E5p,er®
Vgs £V, (Toinduce a channel)
Equivalently vy > |Vt|
Vps = (Vgs —V,) (Continous channel)
. W 1
' 2
Ib = kp T[(Ves —Vi)Vps _EVDS ]
(d) . 1 W 2
ip ==Ky ——(Ves —Vp) " (14 AVps)
2 7L
(Pinched off channel)
Vgs» Yy, A, Vpg areall - ve.
Dr. D. M. Ekbar Hussain 27
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Voltage Levels S ‘(( %
EspyEn®
Voltage A
v, )
Threshold T— Iriode
D

Overdrive

I
Saturation
|

voltage

Every thing is reversed compared with NMOS

Copyright © 2004 by Oxford University Press, Inc.
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Exercise 4.8 5 7%

E5p En®

/4.8 The PMOS transistor shown in Fig. B4.8 has 'V, = =1V, k=60 pA/ v, and W /L = 10, (a) Find
the range of Vg-fér which the transistor conducts, (b) In terms of Vg, find the range of V}, for which the
transistoi-operatés in the triode region. (c) Tn terins of Vy; find the range of V), for which'the transistor
operates in saturation. (d) Neglecting channel-length modulation (i.e., assuming A= 0, find the values
of |V0v1 and Vg and the corresponding range of V;; to operate the transistor in the saturation mode with
Ip="75 pA. (€) If A=-0.02 VL, firid the value of #, corresponding to the overdrive voltage determined
in' (d). - ¢f) For A=-0.02 V! and for the value of Vv determined in (d), find Ip at Vp=+3 V and at V=
0 V; hence, calculate the value of the apparent output resistance in saturation. Compare to the value
found in (e).

+5V

From PMOS we know that Vg5 > |V

Vo °—| In Triode Vg > (Vs — V)

w" In Saturation Vg < (Vgg— V)
Vv,

D FIGURE E4.8

Ans. (a) Vo< +4V, () Vp2 Ve +1, © Vp SV + 15 () 05V,35V, 245V, (e) 0.67 MQ;
(£) 78 pA, 82.5 pA, 0.67 ME2 (same).

Dr. D. M. Ekbar Hussain 29
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Exercise 4.9 s

E5p En®

Y49 AuNMOS transistor bas Vip = 0.8 V. 24, = 0.7 V, and = 0.4 V'™ Find ¥, when Vg 3 V.
Ans. 123V

V, =V + 714/20; +V —20 ]

Dr. D. M. Blktbar Hussain
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Temperature Effect E ‘(‘»

5, ER®

13w

. 1, , W
Iy = 2_k” T(VGS - Vt)2

Both K’ and V, are temperature sensitive:

O Typically V, decreases by 2 mV per degree rise in temperature, so it will
increase the current.

O However, K’ decreases with increase in temperature and it is dominating one so
the over all effect is that drain current decreases with increase in temperature.

Dr. D. M. Akbar Hussain a1
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Breakdown & Input Protection ;P‘(L“’a

5, ER®

When the drain voltage reaches at a point when the breakdown occurs (avalanche) at about 20
V to 150 V. In some devices breakdown can occur at lower voltage 20 if the channel length is
small. So the drain current increases rapidly.

Another type of breakdown can also occur if the gate to source voltage exceeds 30 V, this
basically is the breakdown of the gate oxide which means permanent damage to the IC. It may
seem 30 V very high but as the input resistance of the MOSFET is very high and the input
capacitance is very small so a small amount of static charge at the input can cause the
breakdown voltage to be exceeded.

Dr. D. M. Blktbar Hussain 2
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Example 4.2 "

fr(L«

Design the circuit of Fig. 4.20 so that the transistor operates at /;, = 0.4 mA and ¥, =+0.5 V. The Sopuee®

NMOS transistor has V, = 0.7 V, u,C,,. = 100 ,LLA/VZ, L =1 pm, and W= 32 um. Neglect the
channel-length modulation effect (i.c., assume that A =90).

As V, = 0.5 is greater than V; = 0, so it is working in saturation.

!
V Do

j 1 w
= +2.5V Iy = > HnCo T(vGs -v,)?

400 = 1—><100 « 32 V2
2 1
Voo = 0.5V

Ves =V +V, =0.7+0.5=1.2v

As gate is at 0 potential so source must be at-1.2 v

- -1.2-(-2.
Ry = s —Jss (=23) _325kaQ

I, 0.4
- 2.5-0.5

R, = voo ~ Vo _ =5.0KQ
I, 0.4

Dr. D. M. Blktbar Hussain 34
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Exercise 4.10 5?‘((%_“1

Espyen

\/D4.‘IO Redesign the circuit of Fig. 4.20 for the following case: Vpp =~V =25V, ¥;= 1 V, i1,C,, = 60 UA/
V2, W/L = 120 um/3 pm, I, =03 mA, and V= +04 V.

Ans, Rg=33 kL Rp=7kQ

Vop = +25V
Ip
RI)
Vo
==
Ip
Y R\
Vig=—25V
Dr. D. M. Akbar Hussain 35
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Example 4.3 S ‘a
Design the circuit in Fig. 4.21 to obtain a curtent /5, of 80 uA. Find the value required for R, and

find the dc voltage Vp. Let the NMOS transistor have V, = 0.6 V, ,C,, = 200 ,uA/VZ, &5 g00
L = 0.8 pm, and W = 4 um. Neglect the channel-length modulation effect (i.e., assume 4 = 0).
Same way as you calculated the value of over drive voltage
using the square law equation in the previous example.

1 W
Iy = ?:uncox T(VGS - Vl)2

You can see that the drain and gate are conected so after
calculating the over drive voltage you can use the relationship
to calculate Vg and then V; and V.

Vgs =V, +Vv, =0.6+0.4=1.0v

Vp = Vg =+1.0v

Now you can calculate R as:
R - VYoo Vo _ 3.0-1.0 -5 KO
| 0.080

D
Dr. D. M. Bkbar Hussain
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Exercise 4.11 & 4.12 3‘?‘(‘%

D411 Redesign the circuit in Example 4.3 to double the value of I, without changing V. Give new values for £9p 00
W/LandR.

Vopp = +3V

Ans. W/L = 10, say 8 pm/0.8 um; R = 12,5 kQ

412 Consider the circuit of Fig. 4.21, which is designed in Example 4.3 (to which you should refer before
solving this problem). Let the voltage V;, be applied to the gate of another transistor @,, as shown in
Fig. B4.12. Assume that @, is identical-to Q). Find the drain current and voltage of 0,. (Assume
A=10) :

Vpp =3V
Vp = 1 from example 4.3

Ry = 20kQ R
Vo Ans, 80 uA; +1.4V
> @

Dr. D. M. Akbar Hussain
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Example 4.4 3}(‘ %
£5p,e00
Design the circuit in Fig. 4.22 to establish a drain voltage of 0,1 V. What is the effective resistance
between drain and source at this operating point? Let V, =1V and k(W/L) = 1 mA/V,
Vpp = +5V
A
I i Rp
$—o0V,=+01V
Dr. D. M. Blktbar Hussain 38
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Exercise 4.13 $ ‘(/{ffa

E5p R

4.13 If in the circuit of Example 4.4 the value of R, is doubled, find approximate values for I, and Vi,
Ans, 0.2 mA; 005V

Vip = 5V
I
- R!J
oV, FO1V
- ’
Dr. D. M. Ekbar Hussain 39
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Example 4.5 S ‘(/‘@a

Analyze the circuit shown in Fig. 4.23(a) to determine the voltages at all nodes and the currents

’ £xy <)
through all branches. Let V, = 1 V and k, (W/L) = 1 mA/VZ Neglect the channel-length e
g ! " g
modulation effect (i.e., assume A = 0).
Vop = +10V
A
Rey = 10 MQ Rp = 6k
5 o
R = 10 MG g Rs = 6 kO
(a) (b)
Dr. D. M. Blktbar Hussain 20
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Exercise 4.14 & 4.15 ;‘(‘»

13w

£5p,e00
4.14 For the circuit of Fig. 4.23, what is the largest value that R, can have while the transistor remains in the
saturation mode?
Ans. 12 k)
Vpp = +10V +H0V
i i i i
¥ TN |
e = |u_\1n§ § Rp =6 ki 10 M g 6 ki)
1 [ 0O
1 'l ” 'l »
—0h
Res = 10 MO g g Rs = 6 ki 10 MQ2 g 6 ki)
"y
[FY ih)
D4.15 Redesign the circuit of Fig. 4.23 for the following requirements: Vpop = +5V, I, = 032mA, Vs =
1.6 V, Vp = 34 V, with a 1-pA current through the voltage divider Rg1, Ry Assume the same
MOSFET as in Example 4.5.
Ans. Rgy = 1.6 MQ; Ry = 3.4 M, Ry= Ry, = 5 kQ
Dr. D. M. Ekbar Hussain a
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Example 4.6 5“"‘(‘ %
£5p,e00

Design the circuit of Fig. 4.24 so that the transistor operates in saturation with I, = 0.5 mA and
Vp = +3V.Let the enhancement-type PMOS tansistor have V, = -1V and k,(W/L) =
1 mA/VZ2. Assume A = 0. What is the largest value that Rj, can have while maintaining saturation-

region operation?

Vpp=+5V

X

R Rp

4,1,. 0.5 mA
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Example 4.1 Sl
The NMOS and PMOS transistors in the circuit of Fig. 4.25(a) are matched with k(W,/L,)= :
R

ky(W,/L,) = 1 mA/V? and Vo = =V = 1V, Assuming 4 = 0 for both devices, find the
drain cutrents ipy and ipp, as well as the voltage vy, for v, = 0V, 42,5V, and ~2.5 V.

e

25
A +2.5V
'y
I[‘_U. J
1 |I‘ _L".--
| :
T O . - - < | &
] 0V o—e -
T
I[_U\ §|nk£1 !
» —{l__ﬁu\ gu.ul
- 25V
\ - = A
2.5V \J
sV
a
b) IEU'"
+25V o . B -
A Y
|v 25V o— e

I[__.Lh §|uu.1 [
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T
4.16 The NMOS and PMOS transistors - the circuit of Fig. B4.16 are matched with kW, /L) = &0
kAW,/L,) = 1mA/Y™ and Vi = =V, = 1V, Assuming 4 = 0 for both devices, find the drain
cutrents iy and ipp and the voltage v, for vy = 0V, +2.5V, and 2.5 V.
Ans, v =0V: 0mA, 0mA, 0 V; 4, =42.5V: 0.104 mA, O mA, 1.04 V; 4 =-2.5V: 0 mA, 0.104 mA, ~1.04 V
+25V
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