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CHAPTER 3

MOS TRANSISTOR
31 Consider a MOS system with the following parameters:
et =200A
*¢..=-085V

*N,=2:10%cm?

*Q =q210" C/lcm?

(@) Determine the threshold voltage V. under zero bias at room temperature (7=300K).
Note thate =3.97¢ and & = 11.7¢,

(b) Determine the type (p-type or n-type) and amount of channel implant (N /cm?)
required to change the threshold voltage to 0.8V.

SOLUTION:
(@)
Op QO
Vig=DPor—20¢, — =20 — ==
T0 GC ¢F Cax Cox
10
¢F=Elni=0.026ln-lL)<lg——=—0-308V
q NA 2x10

C o _ 3.97x8.854x107
ot 200x1078

ox

Ogo = - 2q~A£si|—2¢Fl

=—2-16x107°.2x 10" -11.7x8.854 x10™* -|-2 x 0.308]
=-2.01x107®

=1758x107" F/cm?

2x10"°  16x107°-2x10"
1758x107 1758x107

Vro =—0.85+0.615+ =-0.303V

(b) p-type implanted needed in the amount of:
gN,;

AV=0.8-V,,=0.8+0.303=1303=
_1303C,, _1303-1758x10”

T6x10® =121x10" cm?
q

N,

3.2 Consider adiffusion area which has the dimensions 10um x Spumand the abrupt junction
depth is 0.5um. Its n-type impurity doping level is N = 1-10*cm and the surrounding
p-type substrate doping level is N, = 1:10'cm®. Determine the capacitance when the
diffusion area is biased at 5V and the substrate is biased at OV. In this problem, assume
that there is no channel-stop implant.

SOLUTION:



e,;-q( N,-Np 1
C(V)=A. |=si L .
i) \/ 2 (NA+ND oo —V

00 = LinNaNo _ o 0261n

a n (L45x10°)’
A=[5x10+2(5%0.5)+2(10x0.5)|=65x107®

16 20
1x10™°-1x10 =0.939

. -14 -19 36
C,(V)=65x10" 11.7-8.854x10™*-16x10™"°(  1x10 ) 1

2 ( 1x10% +1x10' | +/0.939+5
=7.678x1075[F]

33 Describe the relationship between the mask channel length, L,,, and the electrical
channel length, L. Are they identical? If not, how would you express L in terms of L, and
other parameters?

SOLUTION:

The electrical channel length is related to the mask channel length by:
L=L,-2L,
where L is the lateral diffusion length.

34 How is the device junction temperature affected by the power dissipation of the chip and
its package? Can you describe the relationship between the device junction temperature,
ambient temperature, chip power dissipation and the packaging quality?

SOLUTION:

The device junction temperature at operating condition is given as T; =T, +©OF,, ,
where T, is the ambient temperature; P, is the power dissipated in the chip; @is the
thermal resistance of the packaging. A cheap pakage will have high @ which will result
inlarge and possibly damaging junction temperature. Thus the choice of packaging must
be such that it is both economic and pretective of the device.

35 Describe the three components of the load capacitance C, ,, when a logic gate is driving
other fanout gates.

SOLUTION:

The three major components of the load capacitance are interconnect capacitance, the
next stage input capacitance, i.e., the gate capacitance and the drain parasitic capaci-
tances of the current stage.



3.6

Consider a layout of an nMOS transistor shown in Fig.P3.6.
The process parameters are:

*N,=2-10®cm?

*N,=1-10%cm3

. X) =0.5 Hm

*L,=0.5um

ez =0.05um

*V,p=08V

* Channel stop doping = 16.0 x (p-type substrate doping)
Find the effective drain parasitic capacitance when the drain node voltage changes from
5Vt 2.5V.

SOLUTION:

W, =10 um
\
Figure P3.6
_ 15 20
00 = LinNaNo _ g g X10_-2X107 | o671y
q n (L45x10")

16x10%-2x10%
(L45 ><10‘°)2

0 AT No g om{
q n

C —\/M(—NA'ND } 1

27N 2 \N+N, ) Ao,
_\/117x8.854x10"“xL6x10“9x10'5
B 2x0.8967

} =0.9688[V]

= 9.6xlO'°[F/cm2]



C'osw = SSi q( NA.' .ND * 1
g 2 kNA +ND \/q)osw
_ |1L7x8.854x10™* x1.6x107"? x16x 10"
2x0.9688

Ciow = X;C 5, =0.5x107* x36.94 X107 = 1.847[ pF /cm]

sw = J T Josw
A=YXW=6x10=60[um?
P=2(Y +W)=2(6+10)=32[pum]

=36.94 x 10-9[F/cm2]

O +5—+/00 +2.5
5-25

oG 8967( NG 89672—5\/3. 3967) 044

K, =240,

5-2.5

oG 9688( NG 96882—5\/3. 4688) 0.4

Keq’ — 2%{ \/¢0:w +35 —'\/¢Osw +2.5

C

drain

=K,,-C,-A+K, -Cy,-P

=0.44x9.6x107° x60x107% +0.46 x1.847x10"2 x32x10™*
=5.25[ fF]

A set of I-V characteristics of an nMOS transistor at room temperature are shown in
below for different biasing conditions. Figure P3.7 shows the measurement setup. Using
the data, find

(a) The threshold voltage V.,

(b) electron mobility p,

(c) body effect coefficient gamma(y).

Some of the parameters are known to be:

*W/L=10

ot =345A

*2¢1=0.64V

VGS VDS VSB ID [“'A]
4V 4V 00V 256
5V 5V 00V 441
4V 4V 26V 144
5V 5V 26V 256



ov D l'o
+
IC vos O
L
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Figure P3.7
SOLUTION:

(@)Find V,
For both case 1 (Row1) and case 2(Row2), the transistor operates in saturation region,
using equation (3.62)

I(sat)= k—zn(vas - Vro)2

I(Rowl) _(4-Vyo)' 256

Ip(Row2) (5-V;,)° 441°

4=V +E

5-Vpo T21
The correct solution is:

Vi =0.8[V]
(b) Find mobility
-14
C,. = €or _ 3.9x8.85x_180 =10x107'[F/cm]
t 345x%x10

ox

2561076 =%unCax %(4— Vio )

2x256x107° )
- =500[cm? /V -
b= T 0X107 xLOX3.22 [em® 7.5]

(c) Find body effect coefficient y
Using either Row 3 or Row4 data and equation (3.62), first find V.

144 x107® =%u,,C,,x—L“i(4— v;)?

Vr=16[V]
from equation (3.64)



= Vi(Ve)-Voe  _ 16-0.8
JR0 1+ Ve —y20;] VO0-64+2.6-0.64

=0.8[v'?]

38 Compare the two technology scaling methods, namely, (i) the constant electric field
scaling and (ii) the constant power supply voltage scaling. In particular, show analyti-
cally by using equations how the delay time, power dissipation, and power density are
affected in terms of the scaling factor, S. To be more specific, what would happen if the
design rules change from, say, lum to 1/5 um (S > 1)?

SOLUTION:
Const. E - field | Const. Vy,,

W,Lt, 1/8 178

Voo 1/8 1

Cox ‘ S S
Ce<C,WL 1/8 1/8

k.k, S S

I, 1/8 S
 delay CIAV 1/8 1/8?

DD
Power o< I,,,V,,,, 1/5* S
Power densiry( Power) 1 s?
Area

39 A pMOS transistor was fabricated on a n-type substrate with a bulk doping density of
N, = 10'cm?, gate doping density(n-type poly) of N,=10®cm?, Q /g =4-10"cm?
and gate oxide thickness of ¢ = 0.1 um. Calculate the threshold voltage at room
temperature for V,,=0. Use £ =11.7¢,

SOLUTION:

1x10'

N
O (substrate) = T jn ot _ 0,026 1n = =0.348[V]
q n 145%x10

1x10%

@ = O (substrate) - ¢ (gare) = 0.348 - 0.587 = —0.239[ V]

C = Eo_ 39X885x107"
="y 0.1x10™

ox

n;

N
0 -(gate) = KT 1 ooty _ 0 0261n
q

=3 45x10’8[F/cm2]



Opo = \/ 2gN, D,:ubssi|2¢F|
=V2x16x107° x10' x11.7x8.85x10™™ x 2 x 0.348
=4.8x 10‘8[C/cm2]

Vro =®gc =205 - %o ”%5'

ox

4 -8 10 -19
=-0239-2x0,348— 810" _4x10" x16x10

3.45x107° 3.45x107
=-2.51[V]
3.10 A depletion-type nMOS transistor has the following device parameters:
* 1 =500 cm¥/V's
ot =345A
*[2¢]=084V
*W/L=10
Some laboratory measurement results of terminal behavior of this device are shown in
the table below. Using the data in the table, find the missing value of the gate voltage
in the last entry. Show all of the details of your calculation.
I, [uA] v, Vi v, v,
50.0 3V 0 0 0
400 5v 3V 0 ?
SOLUTION:

Assume at case 1 (Row1), the transistor is saturated, therefore

1 W 2 1 3.9x8.85x107™ 2
L = 5t Cor (Ve = Vi) =5 %500 35x107 (0~ Vro)
Vi =—L141[V]
This is consistant with the assumption.
Now find y in order to find V,.(V,, ).
Since
¢F = Elnﬂ.
q9 n
2 145x%10
N, =16x10"[cm™|
From equation (3.24)
y= V2gN4E,;  \2x16x107° x16x10"7 X117 x8.85x107 a3
C, L0x107’ B

Note, ¥ is too large, this is a poorly designed device.

10



3.11

Vp(V,,)=—141+2.3x(v3+0.84 -+/0.84) = 0.99[ V]

Using case 2 data, again, assuming the transistor is saturated,
1 2
4O=Ex50x(VgS -0.99)

Vs =2. 25[V]
The assumption holds since,
Vi =2>V, -V =126
V.=V, +V, =2.25+3=5.25[V]

Using the parameters given below, calculate the current through two nMOS transistors
in series ( see Fig. P3.11), when the drain of the top transistor is tied to V, , the source
of the bottom transistor is tied to Vi = 0 and their gates are tied to V. The substrate is
also tied to V= OV. Assume that W/L = 10 for both transistors.

e k'=25 pA/v?

V=10V

*y=0.39 V12

*[2¢]=06V

Hint: The solution requires some iterations and the body effect on threshold voltage has
to be taken into account. Start with KCL equation.

5V

l|D=?

11

+5V

T

Figure P3.11

SOLUTION:

Since gate voltage is high, the midpoint V, is expected to be low. Therefore, the load is
in saturation and the driver is in linear region. From KCL

Ip= ID,driver = ID,Ioad

L CEL AR LA RN

ol 204N
2 L
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Using the following two equation to iteratively find the solution.

(5-Ve=Veu(V,)) =8V, -2
V;..(V,)=1+0.39(0.6+V, -+0.6)

The intermediate values are listed in the table:

Veu(V,) | V.
1 |283
142 [0.97
119 |08
120 | L07
120 | 107

I, .—_-;-k'%(svx ~V;?)=0.5x25x10x(8x1.07-107%) = 927[uA]

3.12  The following parameters are given for an nMOS process.
*t_=500A
* substrate doping N, = 110 cm?
* polysilicon gate doping N, = 1:10®cm
* oxide-interface fixed-charge density N__=2:10"cm’
(a) Calculate V, for an unimplanted transistor.
(b) What type and what concentration of impurities must be implanted to achieve V, =
+2V andV, =-2V?

SOLUTION:
(a) For unimplanted transistor,
0 (substrate) = %zln;—; =0.026 ln%); =-0.35[V]
0 (gate) = KL in N2y _ 0 02610 1X10°__ so1y)

q n 145x10"
@ = 05 (substrate) — ¢ (gate) = —0.35-0.59 = —0.94[ V']
Ogo = \/ 29N A,swesi|2¢F!

=v2xL6x107° x10" x11.7x8.85x 10~ x 2 x0.35
=—4.82x10"*[C/cm’]

c _ &, _39x885x107"
>t 500x107®

ox

=6.9x 10'8[F/cm2]

12



QDX
Vro = P =205 _%O‘—C_

ox ox

—4.82x107® 10 -19
—O.94—2><(—0.35)—( — )_2x10 x16x10

6.9%10 6.9x10
0.41[V]

(b) For V, =2V:

Vi=2=Vp— g” =O.412—-Qi
Negative charges needed in this case, so it must be p-type implant in the amount of
Qu =gqN; =(Vr =V )C,,
6.9x107° ul . -3
N, =(2-0.4)x =5 = 6.85%10 [em™]

For V;. = -2V ,positive charges need, must be n-type implant,

-8
N, =(2+0.41)x $2%10
16

Texio™ = 04X 102[cm™ ]

3.13  Using the measured data given below, determine the device paramenters Ve ks % and
A, assuming 2¢,=-0.6 V.

VGS VDS VBS ID["lA ]

2 5 0 10

5 5 0 400

5 5 3 280

5 8 0 480
SOLUTION:

When V¢ >V, the transistor operates in saturation region, therefore

k
Ipgar = E(VGS - Vr)2(1 +}"Vos)

a) Find A:
Ipsar(Rowd) _ 1+AV,5(Rowd) _1+8A _ 480
Ingar(Row2) 1+AVps(Row2) 1+5A 400
A=01[v"]
b) Find V,,

2
Ipsar(Row2) - (5 — VTO)
Ipsar(Rowl) (2 = Vro )2
Vro =144[V] and V;,=2.41[V|(unreal)

13



3.14

¢) Find k:

From Row?2 data,
400=—12£(5—1.44)2(1+0.1x5)
k=42[pa/v?|
d) Find y:
From Row3 data,

280 = 122-(5 = Vp (Vs = —3))2(1 +0.1x5)

Vr(Vas =-3)=2.02[V]
2.02=144+y(v3+0.6 -0.6)
¥y =0.52[V*?]

Using the design rules specified in Chapter 2, sketch a simple layout of an nMOS
transistor on grid paper. Use a minimum feature size of 3um. Neglect the substrate
connection. After you complete the layout, calculate approximate values for C,.C,.and
C, The following parameters are given:

* Substrate doping N, = 10'¢ cm

* Drain/source doping N, = 10" cm?

*W=15pum

eL=3um

*¢t _=0.05um

SOLUTION:

The layout is shown in the following.

14



Calculate capacitances:

_39x885%x107"*
500x107®

=C,,WL=6.9x10®%x15x3x10% =315 fF
Since drain and source have the same geometry, the junction capacitance are the same.

=6.9%10"® F/cm?

C.._

8

) 16 19
0o = LinNaNo _ g g1 LX10-1X10 71 g79y

g n 145x10%)

. 17 19
_Ig'_lnNA(swz) N, =0.0261n I1x10""-1x10
n.

¢OSW =
; 145x10%°)

=0.939V

15



c =\/£S,q(N N, ) 1

so 2 \N,+N, ) 9,
_\/1L7x8.85x10“4xL6x10“9x10‘6
- 2x0.879

\/ss, g Ny(sw)-N, ) 1
josw

N A(sw)+Np \/¢osw
11 7x8.85x107™* xL6x107"° x1x10"
2x101x0.939
Assume junction depth is 0.5um,
Cinw =X;C; =0.5%x10"x9.35x107% =4.67 pF/cm

j < josw
AD=AS=Y-W=10.5x15=157.5 um*
PD=PS=2(Y+W)=51 um
Cy4=C,, =AD-C;,+PD-C;,

=157.5><10'8 ><3 07%x10% +51x10™* x4.67x10712
=722 fF

=3.07x107® F/cm?

=9.35x10"® F/cm?

3.1S  Derive the current equation for a p-channel MOS transistor operating in the linear
region, i.e., for V, +V >V .

SOLUTION:

Following the analysis in the text, section 3.4, using gradual channel approximation:
Q1(y)=Cor(Vsg = Ve(y) = Vip)
- dy
W, Q(y)
— b 4
W-n,-Oi(y)

joﬁr,,dy =W, jOV” 0,-dv,

dVC=ID'dR=

Vs
Ip-L=W-u, -COXJ- D(VSG -V.:()’)_VTP)'ch

u Coxw

I
b7

[2 Vs = VTP)VSD - VSD2]

3.16  An enhancement-type nMOS transistor has the following parameters:

16



*V,=0.8V

e y=0.2V2

e A=0.05V"!

*|2¢| = 0.58V

e k'=20 nA/V?

(a) When the transistor is biased with V;=28V,V, =5V, V.=1V,V, =0V, the
drain current /= 0.24 mA. Determine W/L.

(b) Calculate I, for V,;=5V,V,=4V,V.=2Vand V,=0 V.

(c) If u,=500 cm*V's and C,= C,-W-L = 1.0x10"*F, find W and L.

SOLUTION:

(a) For enhancement transistor and V., > 0, it must be nMOS.
Vi(Vsg)=Vro +Y(\/|2¢Fl+ Vg — '\/|2¢F|)
=0.8+0.2-(v0.58+1-+/0.58) = 0.899[ V]

Vs =4>V5 -V, =18-0.899 =0.901
nMOS transistor is in saturation region.

o Ip(sat) = %%(VGS ~ V) (14+AV,5)

. Ez 2-1,(sat)

Lk (Vg V) (14 AVy)
2-0.24x107

=24.64

T 20x1075(1.8-0.899)7(1+0.05x 4)

(b)

Vi(Vsg)=Vro +Y(\/|2¢Fl+ Ves ",\/|2¢F|)
=0.8+0.2:(+/0.38+2 ~0.58) = 0.969[ V]

Vs =2< Vg =V =3-0.969 =2.031
nMOS transistor is in linear region.

N A4
I(lin) = -Z--E[z(vcs = V) Vps = Vps? J[1+AV,55]
=10x107° x24.64[2 x (3-0.969) x2 - 4][1+0.05 x 2]

=112[mA]
(©)
' -6
Cp = 22O _ 41074 [F/em?]
n, 500

17



C 10-15

W-L=—f=—2=25x10"[cm?]
C,, 4x10
Y 2464
L
Solve for W and L,
W =17.85[um]
L=0.32[pm]

3.17  AnnMOS transistor is fabricated with the following physical parameters:

*N,=10®cm?

* N, (substrate) = 10'¢ cm™

* N* (chanstop) = 10"’ cm™

e W=10 um

*Y=5um

*L=15um

*L,=0.25pum

*X =04 pum

(a) Determine the drain diffusion capacitance for V=3 Vand 2.5V.

(b) Calculate the overlap capacitance between the gate and drain for an oxide
thickness of z_= 200 A.

SOLUTION:

(@

kT, N,N, 10%.10%
0, =—In—452=0.026lIn—————— = 0.94[V]

g n’ (L 45x10")

s,q 1

€

N+N 0,
\/1L7x885x10"“xL6x10"9 102.10' 1
=2

ja

10% +10 0.94
8><10‘8[F/cm ]

A=W-Y+W-X;=10x5+10x0.4 = 54[um?

A-C,
C,(V) =i
Vv
1-—
o,

18



54x107%.2.98x107®
CJ(—5) =

=6.4x107°[F]
\/ 5
1+ —
0.94
-8, -8
C,(-2.5)= 54x107-2.98x10 —8.41x107[F]
\/ 2.5
1+ ——
0.94
For sidewall capacitance calculation,
. 19 1020
O e =ElnMW2)—N9—=O.O26ZnM——2—=L118[V]
n (L45><10‘°)
Josw 2 (Ny(sw)+Np ) 0,
_\/1L7x8.85><10““x1.6x10'19_ 10%-10® 1
2 10 +10" 1118
=8.207x 10'7[F/cm2]
P.-X.-C. -7
stw(v)= ] ‘;osw = (2XS+10)X04>;8 207)(10
- -
¢0§W ¢osw
6.566 x107'
== [F]
]__..
6.566 x 10714
Cjo(-5V) = ——eer

=28.07x107°[F]
5 .
1/1+——
1118
-14
Cpon(-2.5V) = E38XI0 " _ 36 50x1075[F]
[ 25
1+ —-
1118
(Cu)X(=5V)=C;(=5V)+C},, (-5V) = 6.4 +28.07 = 34.47 fF]
(Cp)(2.5V) = C;(=2.5V )+ C,,(-2.5V) =8.41+36.5 = 44.91[ fF]
(b

-14
C, =2 - 20XBE0 ;061077 F/em?]
: 20010

Cpa=Cpo-W-Ly=1726x107" x10x 10 x0.25x10™ = 4.31[ fF]

19



