Chapter 7

METAL OXIDE SEMICONDUCTOR FIELD EFFECT TRANSISTOR
(MOSFET)

The MOSFET is the most important device used in realizing complex digital integrated circuits
such as microprocessors and high capacity semiconductor memories. MOSFET stands for Metal Oxide
Semiconductor Field Effect Transistor. It is a device in which an externally applied electric field - in a
direction normal to current path - controls the value of that current. MOSFET is a unipolar transistor,
since the current is transported by carriers of one type only (electrons in n-channel transistors and holes
in p-channel transistors.). In MOSFET, the majority dominates since the mechanism of current flow is
drift, hence called majority dominated devices. In junction devices, the diffusion plays a central role,
hence called injected minority carriers. BTT and other junction devices are called minority dominated
devices. In MOSFET diffusion plays no part in device operation.

7.1 Enhancement MOSFET (E-MOSFET)
The structure of an n-channel transistor - called NMOS transistor or NMOST - is illustrated in Fig.

(7.1). ltis a four terminal device consisting of a p-type semiconductor substrate (body or bulk) into which
two n* (heavily doped n) regions (the source and the drain) are formed. The gate electrode is the metal
electrode on the insulating oxide. The basic device parameters which determine the transistor
characteristics are the channel length L, (which is the distance between the two n* regions under the
oxide), the channel width (the insulator thickness) d_, and the substrate doping N,. The source
electrode will be used as the voltage reference and is usually connected to the body then to ground.
When no voltage is applied to the gate, the source-to-drain electrodes form two pn junctions connected
back to back and no current flows between the drain and the source (the transistor is non-conducting or
OFF). When a sufficiently large positive bias is applied to the gate, a surface inversion layer (or n-
channel) is formed between the two n* regions. The minimum gate voltage required to obtain sufficient
inversion is called the threshold voltage ¥,. The source and the drain are now connected by a
conducting n-channel, through which a large current can flow and the transistor becomes conducting.
The cument is enhanced, hence the name "enhancement MOSFET". The conductance of the channel
can be controiled by the gate voltage. The transistor action occurs through the modulating effect of the

gate voltage. Let us consider that a voltage ¥, >V; is applied to the gate (Fig. 7.2a), creating a channel

at the semiconductor surface (Fig. 7.2b). As current increases a voltage drop develops across the
channel which decreases the gate drain voltage ¥, =¥, -V, and hence the width of the channel

narrows at the drain. If a small drain to source voltage ¥, is applied, a drain current I, will flow from
the drain to the source through the conducting channel. Thus, the channel acts as a resistance, and /,,
is linearly proportional to ¥, . This is the linear region of operation.
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When the drain voltage ¥, increases sufficiently, it will reach a value high enough to the extent that

the difference in potential between the gate and the drain ¥, =V, -V is not sufficient to invert the
surface at the drain. This is called channel pinch- off (Fig. 7.2c). For higher drain voltages beyond the
pinch-off, the drain current remains essentially the same, and /,, saturates to a value I, (Fig.7.2d).
This is the saturation region of operation. It may be argued then that since the channel is pinched off
current should cease. However, if the current tends to cease the pinch off is removed and curent flows
freely, but then pinch off exists again. Thus a dynamic condition prevails in which current remains
constant regardless of /. In the saturation region, the dynamic resistance is very high. A very high
dynamic resistance means that an incremental increase in ¥, causes a negligible increase in I,,. Since
the channel under saturation can be regarded as a low field resistance in series with a high field drain
depletion region, any incremental increase in ¥, is dropped across the small depletion region, leaving

essentially a constant potential (V;;-¥;)=V;_ across the resistance of the low field channel, and
hence leading to a constant drain current. The difference between ¥, and V. appears across the
high field resistance of the small pinched off depletion region near the drain. As ¥, increases this high

field resistance increases as well to keep the current constant.
Since ¥, is the minimum difference in potential ¥, across the oxide required to create an

inversion layer locally at the drain side, we should have
Vop =V =Vos >V;  (linear and triode) region) (7-1)
For the saturation region, where the channel is pinched-off at the drain, the difference in potential
across the gate oxide at the drain is insufficient to form the channel there, so we have ¥, locally at the

drain side given by
Veop =V =Vps <V;  (saturation region), Vo 2V -V; (7-2)

Usually, on the drain characteristics (1, vs ¥, with ¥, as a parameter) one plots a locus separating

the linear and triode regions from the saturation region. The equation of this locus is
Vo =V —Vps =V;  (onset of the saturation locus ) (7-3)

Note that this locus passes through the origin when ¥, =V =¥, where ¥, =0 and, therefore,
1, =0, indicating that the transistor is OFF. This cutoff region is obtained if V;; <V,
An overall characteristic is shown (Fig. 7.3) and the family of characteristics showing the laws
Vs =V =V; of Vo =V, - ¥, are depicted in Fig. (7.4) for NMOS and Fig. (7.5).
For PMOS we note that all values are negative and for saturation
Vs < Vs -V (7-4)
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7.2 |-V Characteristics of N MOSFET (NMOST-NMOS)
We want here to find I, -V, characteristics as a function of bias (gate) voltage ¥, considering

the source to be grounded, and hence find the conductance of the channel. From eqns. (3-33), (3-34)

we have
Vs =V 49,

-2 (7-5)

C

ax

where ¢, is the potential at the surface of the semiconductor. The induced negative charge 0, in the
semiconductor is composed of a mobile charge O, and a fixed charge in the depletion region O, .
Substituting 0, + 0, for O, we have
0,=C. [V( -Q—H (76
€

ax

From eqn. (3-39) at threshold ¢, =2g,. Substituting in eqn. (7-5), for ¥, =V, 0, =0, at the start of
inversion
A =-EQA+2¢F (7-8)

ax

Assuming O, will not change much with 7, i.e., ¥, remains constant

0, =-C.[V:-7] (7-9)
with a voltage ¥, applied there is a voltage drop 7, (the voltage in the bulk under current at point x)
from each point x in the channel to the source. Thus, the potential g,(x) required to achieve a strong
inversion is 2¢. (eqn. 3-24) plus the voltage ¥, according to the condition

$.(3)=V,(x)+24; (7-10)

Qn(x)=4:u[VGs-2¢p—V,<x>-%] (7-11)

ax

We note from eqn. (3-38) and under 7 (x)

0,(x)=\2lgle, N, (24 +7.(x) (7-12)
If we neglect the variation of Q,(x) with the voltage ¥.(x), and assuming that ¥; is constant and ¢, will
not change much with ¥, then eqn. (7-9) becomes

0,(x)=~Co [Vos-V: -V.(%)] (7-13)

This equation describes the mobile charge in the channel at point x. The vertical potential drop across
the oxide layer ¥ -V (x) must always exceed the threshold voltage ¥, for channel inversion to occur.

Noting

0,=0,+0,=Cr, (7-14)

= Cax [VGS - ¢x]
=€, &,4
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where Z_ is the field in the oxide, and €, &, is the displacement vector which is numerically equal to
the charge density at the surface of the metal surface which is also equal to the charge density on the
semiconductor side.

€, A, =C,. [Vos - 4] (7-15)
Noting from egn. (7-10)

¢, =V (x)+2¢;
From eqn. (7-15)

1
&y =E—-ZCN[VGS-K(X)+2¢F] (7'16)

Noting from eqn. (7-8)
f= 22,

ax

O
20. =V +=<
¢ =V c

ax

Eqn. (7-16) reduces to
£, ! C[V -V.(%)- Q"}
C

DK ax

=di[y - } (7-17)

The charge in the semiconductor 0, +Q, must equal in magnitude the charge on the gate.
Gauss'’s law tells us that the total flux leaving the gate normal to the surface is numerically equal to the

surface charge density.
Thus
£ =5,(%) (7-18)
where ¢,(x) is the surface charge density C/cm’
Combining eqns. (7-17), (7-18), neglecting @, /C,, since Q, exceeds the fixed charges Q,
6.()) ===V~ (2)-F;] (7-19)

The thickness of the channel is y(x) (Fig. 7.6). The gate area is 4, . The volume charge density ¢,(x)
can now be expressed as
A
(04, _5.(x) (7-20)

6, (x)=
y(x)4,  yx)
where ¢ (x) is caused by trapped negative ions and mobile electrons but we will assume that the
density of trapped ions is small compared to the mobile electron density. The conductivity of the channel
at point x is given by

o,(0)= c,(x)um-“(‘)) (7-21)
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o () =Ly ¥ (x)-V,] (7-22)

Hx)d,
But
J, (X)=0.(x)£(X)=0.(X),de‘:ll (7-23)
We are assuming a variation in the channel voltage only in the x direction due to the IR drop in the
channel
I,,(X) = J,(X)A(X) (7-24)
where A(x) is the cross sectional area of the channel
A=Wy(x) (7-25)
The current must be constant (called drain current /)
I, =Wy(x)o,(x) dV( x) (7-26)
Ldx=Wy(x)o, (x)dv,(x) (7-27)
Substituting eqn. (7-19) in eqn. (7-24) we have
I = P22 s ¥, ()=, )V, () (7-28)
(7-29)
1
[ (7-30)
Since
€ 4y
C ,=— -31
S (7-31)
We may define C,, as the oxide capacitance per unit area
€
C == -32
" (7-32)
L4 ?
I,=—uC. [(V -V, W EV J (7-33)

This is the charactenshc equation for device operation in the so called triode region. It is valid only for
the region of operation in which an inversion layer exists from source to drain. In other words it is valid for

the region over which ¥ > ;. and Vg, =V (Vs > ¥,) o (Ve =¥ ) > Vs OF Vi < (Vs =¥, ) (Fig. 7.3)
Note that when ¥ =0, I, =0 in eqn. (7-33). For very small value of ¥, i.e., —;-V,; & (Vg -V, Wy OF

%Vw <V -V, (7-34)

In this case we have
W
Ip= " B Co(Vis =V Wis (7-35)
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with ¥, constant I, is a linear function of ¥,;. We call this the linear region (Fig. 7-3), where the
MOSFET behaves as a linear resistor. When ¥y =(Vs ~¥;) < AV where AV represents the excess

of ¥ over V,, (called overdrive). The channel disappears near the drain since the gate-channel

voltage is not sufficient to maintain strong inversion near the drain. This is called pinch off.

For ¥, > AV, the MOSFET is operating in the saturation region with the channel pinched off.
Mobile charges are swept across the depletion region by the lateral electric field from the point where
the channel is pinched off to the »* drain region. The narrowing of the channel compensates for the
tendency of the current to increase with increasing V. It results in a constant I,. If I,drops due to
narrowing, pinch off is eliminated which tends to increase I,,. This is why I, is saturated beyond pinch
off. The saturation drain voltage is given by

Vos, =W V1) =AV;s (7-36)
The saturation current is given from eqn. (7-33) by
w o, (V-V} W (AV)
] =—pC a1’ 7, 26 7-37
D L ”m ax 2 L Auru ox 2 ( )

This is the square law characteristic for MOSFET operating in the saturation region. It tells us that with
Vs constant, I, will be constant and no longer dependent on V.

The current voltage characteristics for n-channel MOSFET are shown in Fig. (7.4). The dashed
line represents the transition between the triode and saturation region.

7.3 Channel Conductance and Transconuctance
For N MOSFET we may define channel conductance g, as

1 o
8os =— =22 (7-38)
Tos Vs ly ccons

It is a measure of the slope of the IV characteristic curves with constant gate voltage (Fig. 7.3b). It is
also the reciprocal of the channel resistance ;. We find from egns. (7-38) and (7-33)

1 v,
gm =-=—/IMCM(VGS _VT—VM) (7.'39)
rs L
In the linear case when ¥ is very small, the linear conductance &, IS given by
8s, = HnCocVs = V1) = 1, CouAV s (7-40)

We note that the IV curves are flat in the saturation region eqn. (7-37). Application of eqn. (7-38) will
yield g,; =0. However, we find that as ¥ is increased in the saturation region the depletion region

around ' drain becomes wider. The channel length L decreases. But the cument I, increases to
maintain the flow, thus, keeping g,;_ at a non zero value (Fig. 7-7).
We may also define transconductance g_ as

3i,
= -41
g, e (7-41)

V ps =const
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It is a measure of the spacing between constant 7, lines for a fixed value of ¥, (Fig. 7.4) or the slope
of the I, -V curve (Fig. 7.8).
Applying eqn. (7-41) in egn. (7-33)
LA

g. =-Z'#ns axVDS (7-42)
This is valid for both linear and triode regions.
Applying eqn. (7-41) in the saturation region

A LA
Eu, = Tﬂncu(VGS -V)= T/‘quAVGs (7-43)

This is shawn in Fig. (7.9)
We note that in all expressions in this section, x4 C. is a constant-determined by the process

technology used to fabricate the n-channel MOSFET. It is known as process transconductance
parameter denoted by £

k. =u,C., (7-44)
Thus, we may rewrite eqns. (7-33), (7-35), (7-37), (7-39) and (7-40) as
15:%1:; [(VG,—V,)Vm -%V,;J triode region (7-45)
I, =5’L'-1c_'(Vm v linear (7-46)
_ 2
I, = %k; %Z—V’—)— saturation (7-47)
1 W, . .
8 =—=—k.(Vis -V, ~Vys)  triode region (7-48)
s L
1 W, , ,
8o =—=—k Vs -V;) linear region (7-49)
s, L
8. =kVps linear and triode region  (7-50)
.. = %,- kWVs-V;) saturation region (7-51)
We may rewrite these equations with
Tk =k, (7-52)

it is to be npted that the drain current is proportional to the ratio of the channel width # to channel
length L . This is known as the aspect ratio of the MOSFET. Thus,
1

8o =— =k, (Vo =V7 —Vps) triode region (7-53)
I'm :

85 = iy k(Ves-V;) linear region (7-54)
Tos

g, =k Vs linear and triode region  (7-55)

8 =k, (Vas = V1) saturation region (7-56)
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Referring to the characteristics (Fig. 7.4) we have four regions: cut off (V,, <V;), linear region
and triode region V>V, and ¥, =(Vx-Vy)>V, or ¥V <AV for continuous channel. If ¥, is
sufficiently small we obtain the linear region is which we have a linear variable resistor r,; controlled by
Vs - We may define r,; in terms of over drive voltage AV, =V -V, as

1
=— 7-57
LEryVA (7-57)
The fourth region is saturation. For saturation ¥V >V, while V,, <V, or (Vs -V ) <V, or Vi 2 AV, for

pinched off channel.
The boundary between the triode region and the saturation region is ¥ = AV, for which the
boundary is given from eqn. (7-37) by

I,= %k,v,; (7-58)

in this case the drain channel is independent of drain voltage (eqn. 7-47). The structured MOSFET
behaves as an ideal current source where cument is controlled by ¥ (Fig. 7.11) as shown by a large

signal circuit model (Fig. 7.10).
The relative levels of terminal voltages for different regions are shown (Fig. 7.11)

Ex. 7.1
Redrive 1, -V, characteristics of N MOSFET (NMOST) using charge control method.

Solution
Referring to Fig (7.12), consider the infinitesimal strip of the gate of distance x, from the source.

The capacitance of this strip is C_ Wdx . The effective voltage between the gate and the channe! at point
x needed to induce the channelis (V -V (x)-V;).
The electron charge dQ in this strip is

|,1Q|=C,’,,}Vd>r[V(3 -V(x)-¥] (7-59)
The voltage ¥, produces an electric field along the channel in the negative x direction
dv (x)
=/ 7-60
&(x) n (7-60)
The electric field causes the electron charge to drift toward the drain with velocity %—
dx dv (x)
= = £ 7-61
& ot = &
The resulting drift current
{2l e
dt| |dx|at
Using egn. {7-59)
Iy=u C WV -V(x)-V] dVd':X) (7-63)
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Fig. (7.10) Large signal equivalent circuit for N MOSFET at saturation V>V, V,, <V;
a) without output resistance b) with output resistance

upper limit of 7, at saturation

i / l

( ' «V;
| D
positive V V> range of variation of ¥/ at saturation
values < =
Vs lower limit of ¥, before cut off
v
Y v «/

..
0 |

Fig. (7.11) Relative voltage levels for NMOST at saturation V., >V,, V.., <V, (V;, V5, V;;, all positive)
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for a fixed value of V¢, V., = (Vs = Vi) <V, Vog <(Vis +V7)

Gate /
! A
/| y ! 3
P / l (@70)&1%
/ — Capucitor of value
C! Wdx
I .
| e(x)=M
| ' Li,d‘t ) !
| i vix 1
» Voltage
—>{ ‘l\b—-
! | T Vos
| L I -
0 T - distance

Fig. (7.12) Derivation of /, -V, charactenstic for NMOST using charge control method



Ju;{per limit of ¥, at satoration

s=0
( vy
o
negative Vo Vs + V4
vakues 1 range of variation of ¥/ at saturation
. /]
\ ¢ i

Fig. (7.13) Relative volitage levels for P MOST at saturation V <V, V,, >V, (V,, V5, ¥, all
negative) for a fixed value of ¥, V) = (Vs —Vi) > Vy, Vs > (Vs +V5)

L Yog
Iy [de=p CH (Vo5 =V (x)-V; 1V, (x)

=Gl VW ~3Vs]  fortioderegion (764

I, = % 4.C. %(VGS .y for saturation  (7-65)

Eqns. (7-64) and (7-65) coincide with eqns. (7-33) and (7-37) respectively.
7.4 Characteristics of p Channel MOSFET (PMOST - PMOS)

The symbol for p channel enhancement type is shown (Fig. 7.5a). The voltage and cument
polarities are shown in Fig. (7.5b). Noting that the threshold volitage is negative to induce a channel we

7

apply a gate voltage more negative than ¥, i.e., 5 <V, or [V5|2|V;|. Also ¥,; must be negative or ¥,
is positive which means that current I, flows out of the drain. To operate in the triode region
(continuous channel) 7, >V -V, where all values are negative.

Note that in NMOS F 2(V-V,) for saturation, while in PMOS ¥, >V -V, for triode
operation. Similar to eqn. (7-45) but with replacing the transconductor parameter, £ by k,, we have for
PMOST

W, |
I, =Tkp[(ym =V Wps "Z'lel (7-66)

where
k =u,C, (7-67)

noting that ¥, ¥, and ¥; are all negative
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Fig. (7.14) Large signal equivalent circuit for P MOST at saturation ¥V <V;, ¥, >V,
(Vz, Vg, Vgp all negative)

are all negative. Since u, < u, itis expected that &, <k, ..
Now for saturation ¥ <(¥;; —¥; ) where all values are negative. In this case, similar to eqn. (7-47)

I, =2k g1, (7-68)
Fig. (7.13) shows relative voltage levels for enhancement PMOST, and Fig. (7.14) shows large signal
equivalent circuit for PMOST.

Ex. 7.2
In the circuit shown (NMOST) find R, ¥, at [, =100pA, ¥, =1V,

#,C., =2000A/V?, L=lpm, W = 4um.

Solution
Since ¥, =0 since Vg5 =V, Vo > (Vs =¥;) and V5 > 7,
thus the transistor is in saturation

1 , W
ID =-2./‘mcnx-I_I'(VGs —VT)Z

1 /4
== 4 Gl = (8
2/‘," uL( Gs)

) _ 2x100x10°
&7 200x10%x4
AV =05V
Vos =Veg =15V

R:&:ﬁkﬂ
0.1

0.25
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Ex.7.3
Analyze the circuit shown to determine the voltage and cument. Let ¥, =1V and k,’,%=2mA/V 2

Find the condition for the transistor to be in saturation if /, =1mA

Solution tov
For saturation ¥, 2 (V5 ~¥;) W 2R
V=5V,
Vs =1,,R, +5V
Vs =(5-1,R)

(Vs -V;)=(4-1,R)
LW L
ID—Ek"T(VGS ) = -

=105 -V, )

Thus

(4-1,R) =101,
If I, =1lmA

(4-1,R) =1

4-1 R =1

I,R =3

R =3kQ

Vs =5-3=2V

Vs 2V =V =2-1=1V
Vs must be >1V

TV=1,R, +Vp

T-1,R,>1V

6V21,R,

I,R, <6V

R =2R,
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Ex; 74 25V

/4 4
The NMOS and PMOS transisters shown are matched &, L—” = k,’, L—" =ImA/V?, g,
n P
Ve =|V,’|=1V . Find the currents and voltages for ¥V, =0V, +2.5V, -2.5V, 5V, -5V Vi v
. Ov S20mQ2
Solution
When ¥, =0V, [V,5|=2.5V, |¥,,| =, =0 due to symmetry. Then both 0, 0, operate at 3L

Wus|=2.5>]7;|, |V2s| =0 and hence both transistors are in saturation. Thus,
I, =1, =—;-x1(2.5—1)2

=1.125mA :
When ¥, =+2.5V, O, will have ¥ =0 and thus will be cut off. Note ¥, is negative. Thus ¥, is positive

assuming ¥, >, then, Q, is in the triode region (linear region for simplicity)
W, ’
Ipy =k, L_(Vcs, =V W,

=(-DV,-(=2.9)]

=4(V,+2.5)
Also V, ==1,,x10kQ)
Ly =4I, x1042.5]
L &2 "43 =024mA
41x10

V,=-244V, ¥V, =-2.44-(-25)=0.06V
Which is small.
The situation for ¥, =-2.5 is the complement of the situation V, =2.5V
if V,=+5V @, will remain OFF
Ves, =75V Oy is ON, ¥, will still almost be at -2.5V,¥,; =0 ie., O, is almost short circuited,
the output is almost -2.5V. When we go positive the opposite happens ¥, is almost fixed at +2.5V. For
¥, =-5V we have the complement of the situation at ¥, =+5V .

1.5 The Transfer Characteristics
Fig. (7.15) shows the NMOS transistor as a common source amplifier with load line depicted. The O

point is determined by the biasing circuit. Operation around the Q point entails amplification of a small
signal, while large excusion along the load line entails operation as a switch. Operation in the saturation
region renders the transistor as a current source or transconductance amplifier.

Fig. (7.16) shows the transfer characteristic, a relation between ¥, and V,. To operate as a voltage
amplifier the quiescent point O is in the middle of the nearly linear part of the curve where dv, /duv, at Q is
the gain. The correlation between points A4, B, C, Q in Fig. (7.15) and the corresponding points in Fig,
(7.16)is clear. To operate the transistor as a switch operation takes place between the two extreme points of
the transfer curve.
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tes = Voo
s> Vn
= Vs
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a5 = Vg
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1
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(b)
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Triode —»i-<— Saturation

0 Yo Yog= ¥y
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(c)
Fig. (7.15) Common source NMOST amplifier
b) output characteristics  c) transfer characteristic

ot
2
(a)
a) circuit
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In Fig. (7.16) we can recognize these regions.
a) region X4 V. <V;, ¥, <V, . Thisis cutoff

b) region A0B (the saturation region)
V,=Vys 2V, and Vy =¥, 2(¥, -V, ) = AV Since we are in saturation region.
_1 W 2
I 4,C. V.-V, 7-69
S EA (49
V,=Vo-1p Ry

1 (W
Vu = VDD _E:umcax [T] RD (Vl - VT )2 (7-70)

PRRLLA Y ,,c,;,[ ](V 7,) (7-71)
D, Vy

- . ' . 4

The voltage gain is proportional to R, the transconductance parameter k, = 4, C. , the aspect ratio 7

and the overdrive AV, =V, -V, =V, -V;
Substituting eqn. (7-71) into egn. (7-70)

1
Vo=V "’EAv (VaQ “Vr) (7-72)
From which
. ¥, -V,
A,'_' Z(Vo VDD) - ( bp "Q) (7_73)
Vo=V V,-V
2V, -V, -2V,
- ( DD "Q) Ry (7_74)
AV, AV,
From eqns. (7-71) and (7-51)
4,= ~8u, R, (7-75)
From eqns. (7-47) and (7-51)
1
I, ==g, AV,
Pm PR (7-76)
If we consider Al, =i, around 0 point, from eqn. (7-41) AV =v,, is the small signal input voltage
=Al,=g, v, (7-77)
The end paint of the saturation region is
Vi =V =Vr (7-78)
or V=V +Vr (7-79)
c) The triode region ¥, 2¥;, Vo =V, <(V;-¥;)
From eqn. (7-64)
I=pC., VL’ [(V, '—VT)V,,—%V,,’J (7-80)
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V.=V, -R,], (7-81)

oo~ R CL T 0,1, =312 | 792
For small V,

b, = Voo - Rote Cu VT, 799

A— (7-84

From eqns. (7-39), (7-40), for small ¥
|
’us = 0s, = W (7‘85)
#.C;l Z(VG -VT)
Combining eqns. (7-84), (7-85)

y=Ym _y s (7-86)
1+£2 ros + Ry
Tos

For small ¥,, MOST behaves as a resistance r,; (determined by ¥;) which forms a voltage divider across

Voo If rps <R,
v, =V, (7-87)
R,
7.6 Current Mirror
In Fig. (7.16) the drain of O, is shorted to its gate, thus Q, is in saturation
1,,(W 2
I =5k.(71 () (7-88)
Voo +Vs =V,
Iy=1I, =_DD_Rs_£ (7-89)

We have two equations and two unknowns V5, R for a given Iq =1,
Since ), isidentical to O, and has the same ¥ as 0, the reference cumrent / =/, is given by

I=1, %"5(%), (V=) (7-90)
%)

Hence, 1, =1,,,({;‘,—2 (7-91)
)

This circuit is called current mirror and is used in biasing the MOST. A typical circuit is shown (Fig. 7.17)
where points X (Fig. 7.16) and X" (Fig. 7.17) are connected together and the current sourceis /.
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1]
e

ref

R§ =1,

.—’0

d——b

2

.
Fig. (7.16) Biasing MOSFET using a constant source (current mirror)

VDD

R,

Fig. (7.17) Current mirror

7.8 Small Signal Model
Consider the situation when a small signal v, is applied around the Q point. The total gate

source voltage is v,. A small signal current i, flows in addition to the biasing current i,, the total

current is i,

VUgs =Ves +0,, (7-92)

ip=I,+i, (7-93)

.1, W 2

Ih= -Z-k" -Z(VGS +l')$ —VT)

1 ’ w 2 ' /4 1 0 W
=5kn—L—(VGS—V.,) +knT(VGS—V,)vg,+5kpfu; (7-94)

The first term is the dc value . Neglecting the third term
for small v,

v, <2(Vs-V;) (7-95)
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U' l g-vp
a)
|
G ) D
4+
b) - l I
|
G D
+
Ulzl)x, l Q; RL§U =y,
c)
s )

Fig. (7.18) Small signal equivalent circuit for MOSFET

a) without output resistance
b) with output resistance
c) with R, connected
Thus, the small signal current i, is given by
— 4
0= T(Vcs -V ), (7-96)
From eqn. (741)
i, W N4 '
gn =—"=kl—L-(V(E—VT)=knTAVGS (7-97)

[

The small signal equivalent circuit is shown (Fig. 7.19) which describes variations around the O point

not the biasing condition. Thus
iy = 8.0, (7-98)

which is in agreement with eqn. (7-77)
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+¥,, (6V)

(a)
Fig. (7.19) N MOSFET as a nonlinear resistor (active load)

t
6.0V
300+
250
5.0V
200
150 4.5V
1001 4.0V
3.5V
S0k Vos =3V
0 L é/l' I 1 L
0 I 2 3 4 5 6
(b)

>V, V

a) circuit b) characteristic
Iy =1, pA
+Vpp Iy
{ 300] load line 20
; a 5.0V
] N 200F
driver 150 <0
:"_‘ ) 0 v 100k 4.0V
i ' 3.5V
) ) sof Vo, =3V
il 0 LN
0 1 2 3 4 5 6
(a) (b)
Fig. (7.20) MOSFET with active load
a) circuit b) output characteristic with active load as a load line



1, W
I=2k, TAVGZ (7-99)
8. =,/2k:%lo (7-100)
- (7-101)
AV
The voltage gain 4, is given by
4 ===, Iv =gk, (7-102)

1

where R, is the parallel combination of r, (the output resistance of the transistor) and R,. For R, <,
4, =-g R, (7-103)

which is in agreement with eqn. (7-75)
We should note that maximum value for the ac input signal to maintain saturation for a given R,

is given by
= - (7-104)

Vos = 4,0, =V +0,-V; (7-105)
Where o, is the maximum input signal. The @ point and the load line should be chosen so that the
swing is symmetrical without clipping the signal and of maximum possible drive (Prob. 7.15).

7.8 Active Load
We can use MOSFET as a nonlinear resistor. In the circuit shown (Fig. 7.19a) the gate is

connected to the drain. The nonlinear characteristic (Fig. 7.19b) is the locus of the points Vas, =Vas,

Note that this MOSFET operates in the saturation region since ( Ves, - V,) <V, - Note also that at 7, =0
le = Vas, =V;

The circuit of Fig. (7.20) employs a MOSFET where O, (called the driver) has output

characteristics displayed in Fig. (7.20b). The load MOSFET Q, has the resistance chacacteristic given

in Fig. (7.19b). We have
le + Vos, =V

or Vs, =Voo = Vs,

Since I;=0 for both Q, and Q, /, =1, the load characteristic in Fig. (7.19b) is a plot of 1y
versus ¥y . For ¥, =6V, we note [, =320uA, V5 =V, =6V, V5 =0. This determines one point on
the load line in Fig. (7.20b) (/, =320pA, V) =0), When 1, =80pA ¥ =V, =4V so that the point
1, =80pA, ¥, =6-4=2V is also a point on the load line in Fig. (7.20b).

199



4
Vl)l"Vr 4
3 i
2} :
b
IR R I o
00 i 2 3 4 5 6 V"(V)

Fig. (7.21) MOSFET transfer characteristic with active load
L,(mA)}

¢ Depletion pie Enhancement >
mode mode

36
32
28
Iy
0r,
16 1

LI

Vs 2065 =V,

<+ ion region >
[

Vo =42V (¥, +6)

Voo =V =¥,
o =V~ ¥r Voo =41V (£ 45)

(c)

Vi = HOV (V. +4)

Vi =-1V (¥, +3)
Vig =2V U, +2)

e e o e o s B A W

8 10 124 14 VlV)

Vi $-4V¥)

Fig. (7.22) D- MOST
a) circuit  b) transfer characteristic  c) output characteristics
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Thus, for each value of Iy in Fig. (7.19b) for which ¥ =V, we obtain a value of ¥ . The pair of
values (I,,,V,) determines one point on the load line of Fig. (7.20b). Now we can determine ¥,
(output) as a function of Vs, (input). For ¥V,=Vg <V, =2V, I, =0, ¥ =4V. Increasing ¥, to 5V
results in ¥, =1.5V and is determined from the intersection of the load line and the characteristic for
Vis, =5V. Thus, we obtain the transfer characteristic (Fig. 7.21) as ¥, =¥,5 versus ¥, =¥ . Note that
for ¥,=0 ¥, =V,,-V,. Active loads are usually used in integrated circuits (ICs) since they take less
area than conventional resistors.

7.9 Depletion MOSFET (DMOS)
A second type of MOSFET has a namow n-channel already embedded into the substrate. For

V=0 positive ¥, produces appreciable drain current [, . As ¥ decreases toward threshold the
drain current decreases, At fixed V increasing value of V; causes /,to saturate as the channel is
pinched off. In the depletion NMOS, ¥, and ¥ are negative. If we apply positive gate voltage

enhances the channel (Fig. 7.22).

7.10 CMOS
The combination of NMOS and PMOS transistors on the same chip are called complementary

MOS (CMOS) devices. The NMOS transistor is the driver and the PMOS transistor is connected as the
active load. The gates terminals of two transistors are connected together. The drain and source
terminals of both transistors are series connected. When 7, is provided such that for NMOS transistor

Vep, >V; the PMOS is OFF and the NMOS is ON provided ¥, >V, If the input is negative such that
V> —|V,| the PMOS is ON and the NMOS is cutoff. The situation is idealized as two switches connected
in series, one is ON and one is OFF. When 7, is positive ¥, is very small, while if ¥, is negative or low
(such that for PMOS 75, >|V;|). ¥, =Vy,. The action is that of opening and closing a switch by means

of the input control voltage. However, because no current exists in either state the power dissipated by
the transistors is virtually zero i.e., the power is consumed in CMOS only during the switching interval.
The extremely small power dissipation of CMOS circuits is the major advantage of CMOS which is the
comerstone of most digital integrated circuits, where switching between 0, 1 is the basic digital
operation.

When using CMOS in analog circuits the PMOS transistor provides an active load for NMOS
transistors (controlled source) (Fig. 7.23). The small signal model is shown (Fig. 7.23c). Notice the
absence of g_ v, since v, =0 since the source and gate are at constant potential. The load

resistance is r, . The PMOS transistor provides the dc resistance and the ac load resistor. Such
resistances requires smaller area than conventional resistors.
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Voo 14 Vi

PlM(c)lS LDD
0 PMOS
T /

.__V+
% NMOS Y ¥,
NWH _J_ (
driver = ~—
_'i—_'- = —
(@) (b) (©)
Voo DD,
szl't’;;——{ PMOS load é ,
8uly, T oz .
" Je
y— ;
NMOS __~]__ 1 S ' i
= 5,
(d) (e)
Fig. (7.23) CMOS
a) circuit b) PMOS switch OFF, NMOS switch ON
c) PMOS switch ON, NMOS switch OFF  d) analog CMOS
e) equivalent circuit

Ex.7.4
Consider CMOS common source amplifier shown V,, =3V, thl:VT. =1V, u,Cl =1250A/V,

L,=05um, L =5um, p,C, =50pA/V?, 1, =100um . Find the small signal voltage gain and main points
on the volitage transfer characteristic. Take r, =300k and r, =200k

Solution
In the circuit of Fig. (7.28a), 0, and O, are matched Fig. (7.28b) shows the I,-V,

characteristic of the p channel transistor 0, for constant ¥, The value of V; is determined by passing
the reference bias current [, through Q,. Note that ¢, is in saturation and behaves as a current

source, since ¥y, > (Vm —IV,’ I)
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I
L
|
l

|
0 Vos Voo = Vsg f Voo

Vo =Voo -(V’; —I.V,’I)= Voo —IAVG:I

>Vm=V.

(c)

w4
L[ my
b0 fim |
- - L} A
Yo =Voo W'V. l'— } I @ Cuoff
I N 0, Triode
| 1" m{Q. Saturation
ol 0  Saturation
I IV[Q' ot
] I IB 13 Saturation
Voo -+ =1
1 1 1 o~
v, Ya Vo=Vu+¥y v,
(d)

Fig. (7.24) CMOS common source amplifier
a) circuit b) characteristic of active load Q,
c) graphical construction to determine the transfer characteristic
d) transfer characteristic
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Fig. (7.28c) shows the I, -¥, characteristic of 0, with the load curve of 0, Since ¥;; =V, each of the
I, -V, curves corresponds to a value of ¥,. The intersection of each curve with the load curve gives
Vs, =V, which yields the transfer characteristic (Fig. 7.28d). Region |Il is linear and has large voltage
gain. In this region both Q, and Q, are saturated. At point 4, O, enters triode region

Vo =Voo "(Vso 'IVT, ” =V “IAVSG,I
At B, V,=V,-V,, O enters triode region
At any point within region Ill the small signa | voltage gain can be determined by replacing O, with its
small signal model and Q, with its output resistance r,,

Lo, Tl
4 b En tr,
Now 8. =2k, [E,-) I,
(] L !

- J2x125x(65g)100 ~0.25mAV

300x200
4 =8 550

=_0'25ng100=_30

To determine 7, of O, and Q, corresponding to 7, =1, noting that for
Oy, Vg =V =7 + AV

=347 (o-Psf

100=2x50x10x(87s, |

where AV, is the overdrive voltage for both Q, and Q,
|AV%|2=§(%=0.40
|aves|=0.64v
Vs, =1.64V
V, =Vyp~AVg =3-0.64=236V
We may obtain an expression for ¥, as a function of ¥, by equating I, =1, both in saturation

(Prob.7.16)
But we can conclude that

%-30
V.

i

Note that the slope of the transfer characteristic in region lll is the voltage gain.
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Fig. (7.25) Operation of a CMOS inverter
a) circuit with ¥, =V, b) graphical representation with ¥, =V,
¢) equivalent circuit for ¥, =V, d) circuit with ¥, =0

e) graphical representation for ¥ =0  f) equivalent circuit for ¥, =0

7.11 CMOS inverter
The basic in CMOS inverter is shown in Fig. (7.25a), where ¥, at logic 1 ie., ¥, =V, =V,

V,=V,. The load curve of O, is superimposed on the IV characteristic of Q, for the case
Vs, =0<|V,'|. Thus, this load curve is a straight line at zero current load.

The operating point is at the intersection of the two curves. Thus, the output voltage is nearly
zero and the current is zero. This means that the power dissipation is nearly zero. The part of the
1,-V, curve for O, is nearly linear, thus, Q, provides a low resistance path between the output

terminal and ground.
! (7-106)

T

Where ¥, =0 , , is operating at ¥, =0, hence its ], -V characteristic is almost a horizontal line at

zero level.
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Fig. (7.26) Voltage transfer characteristic of CMOS inverter
a) critical points defined b) actual characteristic

The load curve of 0, is shown for ¥, =V,,,. The operating point is aimost at ¥, and I, =0and the

power dissipation is zero. 0, provides a low resistance path
e 1 1
’ k;[z] Voo -1,)
L P
During switching O, can sink a large current, discharging a load capacitance, thus pulling the output
voltage down toward zero. Therefore, g, is called pull down devices. Similarly, with the input 9, can

(7-107)
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source a large current charging up a load capacitance, thus, pulling the output voitage up toward 7, .
Hence, O, is called pull up device.
The voltage transfer characteristic is shown in Fig. (7.26).

For O, in the triode region
AT 1
I, =k [TJ L(V,. -¥. V. -EV,’Jfor V,2¥,-V, (7-108)
and in the saturation region
1 -ly("’ (v.-% )’for V2V, -V, (7-109)
L). { »
For 0, in the triode region
NLAN 1 ]
Iny =kr(f]' .(Voo'y; ‘IVr,I)(VDD —I{,)--Z-(Vw -¥,) J
for 7,2+, (7-110)
and in saturation

L

! (F) — ("] which requires <= which wi :
Usually ¥, ﬂV,’\ and k, I =k, T requires 7:;‘— ich will result in equal and
] ] L} f

symmetrical current driving capability (pull up and pull down).
In‘the transfer characteristic the segment BC has both 0, and @, in saturation. Because we
neglect the finite output resistance BC is vertical (infinite slope), thus the gain is infinite. The vertical

segment has a center at ¥, =-V%°- and is bounded by K(B):%—"-H’, and V,((!):I%”—

To determine the noise margins of the inverter we denote two points ¥, ¥, where ¥, is the

maximum permitted logic 0 (low) level at the input and ¥, is the minimum permitted logic 1 (high) level

at the input. These are defined as the two points on the transfer curve at which the incremental gain is
unity (slope -1). To determine ¥, we note that @, is in the triode region and Q, is in saturation. fhus,

| 1
A A AN PR A (7-112)
Differentiating relative to ¥,
dv
( i P ;--(Vw-Vi-VT) (7‘113)
i
Now V=V, and iv‘—=--l
wl
Vw
Vo=Vu 7y (7-114)

Substituting eqn. (7-114) into eqn. (7-113) given
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v, =%(5V,,,, -%,) (7-115)

From symmetry
v, V
V==L, (7-116)
v, =%(3VDD +2V,) (7-117)

The margin of safety for an inverter in state (1) or state (0) is manifested when we visualize the
output of an inverter being a drive input to another inverter. Thus, if the output of the driving inverter is
V., (high) the difference between V¥, and ¥, is the noise margin. The driven inverter will not be

affected so long as the voltage at its input does not full because of noise below V. Thus, the noise

margin for high state
NMy =V =V (7-118)
Similarly, if the output of the driving inverter is low at ¥, the driven inverter will provide a high
state even if the noise disturbs ¥, level at the input raising it up to near ¥;,. The noise margin at the low

level is

NM, =V, -V, (7-119)
Using egn. (7-116), (7-117)
NMy =Voy =V

1
=Vpp = _8'(5VDD -)

= %(31/,,,, +20,) (7-120)
NM, =V, -V,
A (7-121)
which confirms the symmetry

7.12 CMOS Logic Gates

The CMOS inverter consists of a pull down NMOS transistor and a pull up PMOS transistor. The
CMOS logic gates consist of two networks, the pull down network (PDN) consisting of the NMOS
transistors, and the pull up network (PUN) consisting of PMOS transistors. For three input gates shown
(Fig. 7.27) the PDN will conduct for all input combinations that require ¥ =0 and will pull the output

down to ground, Simuitaneously PUN will be off and ¥, is shut off from the ground path.

On the other hand if inputs are applied for which ¥ =1 PUN will conduct which will pull the output
node up to ¥,,, PDN being shut off. Thus, PDN is activated when the inputs are high, and PUN is

activated when the inputs are low.
In Fig. (7.28a) @, or Q, conduct when 4 or B is high (¥, or ¥; =V,,) and will pull the output node

down to ground Y =0 . Thus, ¥ = 4+ B The PDN in Fig. (7.28b) will conduct when 4 and B are both
high simultaneously. Thus, ¥ = 4B. In Fig. (7.28c) ¥ = 4+ BC.
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Fig. (7.27) CMOS logic gates comprrising PDN and PUN

b—¥
Q,
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Fig. (7.28) Examples of PDN circuits
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0, A +—i_¢2, .
i =
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y 37
Y=A+3 Y=4B Y=4+BC
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Fig. (7.29) Examples of PUN circuits
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Fig. (7.30) Symbols for MOSFETs in CMOS structure
a) NMOS  b) PMOS

4

4 0.

—q
B EQ,,

4 ——| O B_i O

Y=A+B=4B

Fig. (7.31) CMOS NOR gate

Fig. (7.32) CMOS NAND gate
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Considering PUN circuits (Fig. 7.29) ¥ will be pulled up when ¥ =4+ 5 in Fig. (7.29b)and ¥ =43 in

Fig. (7.29b) and ¥ = 4+ BC in Fig. (7.29c)

We need now to introduce new symbols (Fig. 7.30). Not that the circle in the PMOS symbol
indicates active low, i.e., it needs low voltage to be activated (conduct). The arrow is removed in the
symbol since it is known that current flows from PMOS to NMOS, i.e., for NMOS D is the side closer to

the PUN, while for PMOS, S is the side closer to ¥, . It should be noted that duality exists between

PUN and PDN. Alternatively, we can also synthesize Y directly for PUN and ¥ directly for PDN
(Prob. 7.18).

7.13 Transistor Sizing
The ON resistance of a MOSFET is inversely proportional to % (eqn. 7-39). Thus, if a number of

MOSFETs having ratios of (.’LZ] (%J , (;’L[] , .. are connected in series the equivalent series resistance
is given by
Row =1, +1, (7-122)

_ const const  const

1GNERE

const
_(1] (7-123)
Lav
4 1
= = -124
L), 1, 1 1 el

(7] (%) (2)

Similarty we see that for parallel connection of transistors

MR

Also it is desired to ensure symmetry to 0, and O, to ensure balancing of charge and discharge
capacitances and hence delay times. This is called transistor sizing.

(") (¥ -
5 [TJ 'k"(L ] (7120
(ZJ

L et (7-127)

@TP,
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Ex.7.5
Show how transistor sizing is employed for the shown circuit.

Solution
In the four input NOR circuit shown the worst case i.e., the lowest
current for PDN is obtained when only one of the NMOS transistors is

conducting we therefore select % for each NMOS transistor equal to that

of the NMOS transistor of the basic inverter (%J . For the PUN,

however, the worst situation and the only valid case is when all inputs are
low and the four series PMOS transistors are conducting. The equivalent

(%] will be quarter of that for each PMOS device. We should select %

for for each PMOS transistor to be four times that of 0, of the basic

inverter, i.e., 4(%)

4
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Problems

1- For L=0.4um, d, =8nm, 4, =450cm’/Vs, ¥ =8um, ¥, =0.7V and e, =3.45x10""F/m, find:
a. C_,k and k

-? "n

b. V5,V Needed to operate the transistor at saturation for 1, =100pA

c. the overdrive voltage (¥, - ¥; ) required to operate the transistor at saturation
d. ¥4 needed to cause the device to operate as Ik resistor for small ¥

e. ry if the overdrive is 0.5V

2- ANMOS has C’, =200uA/V?, L=0.9um and ¥ =18um. Find:
a. I, if AV5 =05V, Ve =1V
b. Al, if ¥V, is doubled
3- APMOS has ¥, =-1V, k, =50pA/V’ and F /L =12, Find:
a. range for which the transistor conducts
b. range of ¥, for triode operation
c. range of ¥, for saturation
d. AV for all above cases

4-For L=0.6pm, d, =15am, g, =550cm’/Vs. Find C,,, , and the overdrive required to operate the
transistor with # /L =20 in saturation, if /, =0.2mA . Find the minimum value of ¥

5-Find an expression for r, in the triode region of NMOS. Then calculate ry, i W/L=20,
k. =50pA/V? and the overdrive voltage is 1V

6- An NMOS has ¥, =1V and 2V dc is applied to the gate. In what region does the transistor operate if
Vos =0.5V, Ve =1V, Vi =2Vand ¥V =3V ?

7- An NMOS has ¥, =0.5V and current i, =150pA when Vg =¥,. Find the value of I, for V=2V,
Vos =3V . Also calculate the value of r,; for small ¥ and V; =3.5V

8-In a PMOS V. =-1V, k =60uA/V’ and #/L=15. Find the range of ¥, for which the transistor
conducts. Then find the range of ¥, for which the transistor operates in saturation. then find the
value of AV, and ¥ to keep PMOS in saturation with /, = 75mA .

213



Prob. (7.9)
V,p=5V
1om§
20kQ
vO
} 10kQ

AN
R

Prob. (7.12)

9- The transistor shown has 1, =0.5mA, ¥, =0.6V NMOS has V; =1V, 4 C, =150pA/V?, L=1pmand
W =40um . Calculate the resistances R, R;.

10- Design the circuit shown so that I, =lmA, ¥, =3V, V; =-1V, and k;%ﬂmA/Vz. What is the
largest value of R,, to maintain saturation? A
11- Referring to Figs. (7.14), (7.15) determine all points on the curves numerically for k,',EL/—=lmA/V 2
V. =1V, R, =20kQ, ¥, =10V.

12- In the circuit shown determine %— and the input resistance R, and the largest input signal. V. =1V,

i

k % =0.5mA/V?. Also determine the biasing currents and voltages.
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13- In the circuit of Fig. (7.17), calculate all currents and voltages if all transistors are identical
k’%:lmAN’. V=1V, I =ImA, ¥,y =V5 =10V, R;=10MQ, R,=15MQ.-"*at is the maximum

swing of the input such that the MOSFET is in saturation.

14- Analyze the common source amplifier with source resistance, common gate, common drain dircuits,
for 4,, R, R . Show the advantages and usage of each configuration.

15- Refesring to Fig. (7.15) find the condition for maximum symmetrical swing.

16- Referring to Ex. (7.4) obtain the relation between ¥, and ¥, in the saturation region for both
transistors ,, 0, and compare the results with 4, .

17- Derive the small signal equivalent circuit for a CMOS amplifier in which the input is applied across
the common gate of both transistors.

18- Design a CMOS circuit and verify the truth table for the following case using direct synthesis and

then using duality.
a) Y=A(B+CD) b) Y=4B+4B

19- Discuss the effect of sizing in the above problem

20- In Fig. (7.16), (7.17) a constant current is used for biasing. How can drain current be allowed to vary
as an ac signal while a constant current is used?
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