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O
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C
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O
S
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delay
analysis

–
C
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propogation
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m

odel

–
U
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M

O
S
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–
S

w
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C
m
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C
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O
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U
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E
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M
O

SFE
T

 C
apacitances

N
o

d
e co

n
n

ected
 to

 th
e g

ate:

N
o

d
e co

n
n

ected
 to

 th
e d

rain
 (o

r so
u

rce):

C
apacitance C

G  is
betw

een gate and the
underlying channel, w

hich
is connected to the source,
C

G
S  =

 C
G

• pn junction capacitance betw
een drain and bulk is C

D
B

•
capacitance C

S
B

 is shorted out since
 V

S
 =

 V
B  in digital circuits

source
drain

gate
V

D
V

S
V

G

(labels assum
e

VD  >
 VS

)
channel

V
B  =

 0

ox

ox
ox

G
t

W
L

å
L

W
C

C
=

×
×

=

charged depletion
area

A
nd C

D
B  is capacitance

betw
een drain

electrode and body
(bulk).
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The C
M

O
S Inverter

S
ym

bolic circuit

v
out

v
in

V
D

D

D
n

S
n  = B

n

G
n

R
n

C
G

n

D
p

S
p  (=B

p )

G
p

C
G

p

R
p

v
out

v
in

V
D

D
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First O
rder C

M
O

S Inverter M
odel

The sw
itches are “ganged” (m

ove together) since they have the sam
e trip 

voltages

N
M

O
S

 is closed w
hen v

in
> V

Th ; P
M

O
S

 is open

P
M

O
S

 is closed w
hen v

in
<

V
Tl ; N

M
O

S
 is open

R
educe to a single sw

itch (Fig. 2.10, R
&

R
)

 V
D

DR
n

C
G

n

C
G

p

R
p

v
out

v
in

+ -

UD
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“C
ascaded” C

M
O

S Inverters

W
hat’s connected to the

v
out node?

R
epresentative “load” …

 possibly another C
M

O
S

 inverter

v
in1

v
out2

V
D

D

v
out1 =

v
in2
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C
ascaded Identical C

M
O

S Inverter C
ircuit M

odel

D
rain-bulk 

capacitances are 
om

itted (at first), as 
is interconnect 
resistance and cap.

D
n

S
n  = B

n

G
n

R
n

C
G

n

D
p

S
p  (=B

p )

G
p

C
G

p

R
p

v
out2

D
n

S
n  = B

n

G
n

R
n

C
G

n

D
p

S
p  (=B

p )

G
p

C
G

p

R
p

v
out1 = v

in2
v

in1

V
D

D
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Sim
pler R

epresentation
N

M
O

S
 and P

M
O

S
 transistors have the sam

e logic thresholds, but 
operate in a com

plem
entary fashion à

reduce to a single sw
itch per 

inverter

C
G

n

v
in1

 V
D

DR
n

C
G

p

R
p

v
out1 = v

 in2

+ -

UD

 V
D

DR
n

C
G

p
R

p

v
out2

+ -

UD

C
G

n

Transitions of interest:

1.v
in1

increases above V
Th : sw

itch for inverter 1 m
oves to “D

” position from
 

previous “U
” position

2.v
in1

decreases below
V

Tl : sw
itch for inverter 1 m

oves to “U
” position from

 
previous “D

” position
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T
ransient G

ate Problem
: D

ischarging and 
C

harging C
apacitance on the O

utput

V
O

U
T

IO
U

T
O

utput

V
IN

-D

V
D

D

V
IN

-U

p-type M
O

S
T

ransistor
(PM

O
S)

n-type M
O

S
T

ransistor
(N

M
O

S)

V
IN

= V
D

D
= 5V

5V
 => 0

C
O

U
T

= 50 fF
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O
utput Propagation D

elay H
igh to L

ow

V
O

U
T (0) = 5V

C
O

U
T

= 50 fF

IO
U

T
-SA

T
-D

= 100 µA

V
O

U
T (V

)
0

3
5

IO
U

T (µA
)20 60

100
V

IN
= 5V

IO
U

T
-SA

T
-D

= 100 µA

W
hen V

IN
goes H

igh V
O

U
T

starts decreases w
ith tim

e 

A
ssum

e that the necessary voltage sw
ing to cause the next 

dow
nstream

 gate to begin to sw
itch is V

D
D /2 or 2.5V

. 

T
hat is the propagation delay τ

H
L

for the output to go from
 

high to low
 is the tim

e to go from
 V

D
D

= 5V
 to to V

D
D /2 =2.5V
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O
utput Propagation D

elay H
igh to L

ow
 (C

ont.)

W
hen V

O
U

T
> V

O
U

T
-SA

T
-D

the available current is IO
U

T
-SA

T
-D

V
O

U
T (0) = 5V

C
O

U
T

= 50 fF

IO
U

T
-SA

T
-D

= 100 µA

V
O

U
T (V

)
0

3
5

IO
U

T (µA
)20 60

100
V

IN
= 5V

IO
U

T
-SA

T
-D

= 100 µA

For this circuit w
hen V

O
U

T
> V

O
U

T
-SA

T
-D

the available current 
is constant at IO

U
T

-SA
T

-D
 and the capacitor discharges.

T
he propagation delay

is thus

ns
A
V

fF
I

V
C

I
V

C
t

D
SAT

O
U
T

D
D

O
U
T

D
SAT

O
U
T O
U
T

25
.1

100
5.

2
50

2
=

⋅
=

=
∆

=
∆

−
−

−
−

µ
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Sw
itched E

quivalent R
esistance M

odel

T
he above m

odel assum
es the device is an ideal constant current source.

1) T
his is not true below

 V
O

U
T

-SA
T

-D
 and leads to in accuracies.

2) C
om

bining ideal current sources in netw
orks w

ith series 
and parallel connections is problem

atic.

O
U
T

D
D

SAT
O
U
T

D
D

O
U
T

C
R

I
V

C
t

69
.0

2
=

=
∆

−
−

Instead define an equivalent resistance for the device by setting 0.69R
D C

 
equal to the  ∆t found above

(
)

Ω
=

=
≈

⋅
=

−
−

−
−

k
A

V
I
V

I V
R

D
SAT

O
U
T

D
D

D
SAT

O
U
T

D
D

D
5.

37
100 5

4 3
4 3

69
.0

2
µ

T
his gives

R
D

E
ach device can now

 be replaced by this equivalent resistor.
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¾
 V

D
D /ISA

T
 Physical Interpretation

V
O

U
T (0) = 5V

C
O

U
T

= 50 fF

IO
U

T
-SA

T
-D

= 100 µA

V
O

U
T (V

)
0

3
5

IO
U

T (µA
)20 60

100
V

IN
= 5V

IO
U

T
-SA

T
-D

= 100 µA

¾
 V

D
D

is the average value of  V
O

U
T

A
pproxim

ate the N
M

O
S device curve by a straight line 

from
 (0,0) to (IO

U
T

-SA
T

-D , ¾
 V

D
D

).

Interpret the straight line as a resistor w
ith

1/(slope) = R
= ¾

 V
D

D /ISA
T
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Sw
itched E

quivalent R
esistance V

alues

T
he resistor values depend on the properties of  silicon, 

geom
etrical layout, design style and technology node.

n-type silicon has a carrier m
obility that is 2 to 3 tim

es 
higher than p-type.

T
he resistance is inversely proportion to the gate 

w
idth/length in the geom

etrical layout.

D
esign styles m

ay restrict all N
M

O
S and PM

O
S to be of a 

predeterm
ined fixed size.

T
he current per unit w

idth of the gate increases nearly 
inversely w

ith the linew
idth.

For convenience in E
E

 42 w
e assum

e R
D

= R
U

= 10 kΩ
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Inverter Propagation D
elay

D
ischarge (pull-dow

n)V
O

U
T

V
D

D

V
IN

 =
V

dd

C
O

U
T

= 50fF

V
O

U
T

V
D

D

V
IN

 = 
V

dd
R

D

C
O

U
T

= 50fF

∆t = 0.69R
D C

O
U

T
= 0.69(10kΩ

)(50fF) = 345 ps

D
ischarge (pull-up)

∆t = 0.69R
U C

O
U

T
= 0.69(10kΩ

)(50fF) = 345 ps
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C
M

O
S

C
h

allen
g

e:  b
u

ild
 b

o
th

 N
M

O
S

 an
d

 P
M

O
S

 o
n

 a sin
g

le silico
n

 ch
ip

N
M

O
S

 n
eed

s a p
-typ

e su
b

strate

P
M

O
S

 n
eed

s an
 n

-typ
e su

b
strate

R
eq

u
ires extra p

ro
cess step

s

oxide

P
-S

i            
n-w

ell

p
p

n
n

G
D

G
D

S
S
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A
dditional S

teps for C
M

O
S

W
ell F

o
rm

atio
n

A
A n
-w

ell m
ask (d

ark field
)

P
ro

cess (b
efo

re tran
sisto

r fab
ricatio

n
)

 1. start w
ith

 p
-typ

e w
afer; g

ro
w

 250 n
m

 o
xid

e

2. p
attern

 o
xid

e w
ith

 n
-w

ell m
ask

3. im
p

lan
t w

ith
 p

h
o

sp
h

o
ru

s an
d

 an
n

eal to
 fo

rm
 a 3

µµm
-d

eep
 n

-typ
e reg

io
n

n

phosphorus im
plant
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F
IR

S
T

 A
D

D
IT

IO
N

A
L

 C
O

M
P

L
IC

A
T

IO
N

:
W

e m
ust m

ask source-drain im
plants

“S
elect N

-C
hannel”

W
e m

ust protect n-channel device during boron
im

plant an
d

W
e m

ust protect p-channel device during A
s

im
plant)

“S
elect P

-C
hannel”

oxide

n-w
ell

p
p

n
n

B
oron im

plant

R
esist

M
oreover, it looks like reverse of the w

ell m
ask, i.e., a “clearfield

w
ell m

ask” w
ould w

ork for the “select n-channel” m
ask.

E
xam

p
le: S

elect P
 ch
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A
N

D
 O

N
E

 M
O

R
E

 C
O

M
P

L
IC

A
T

IO
N

:
W

e need contacts to “body” or w
ell and body of p-region

E
asy to do – just m

odify “select” m
asks and oxide m

asks, i.e.,

�
 C

reate thin oxide spots for contact in original oxide m
ask, and

�
A

llow
 openings in select m

asks to dope these regions

oxide

P
-S

i        
n-w

ell

p
n

n
n

S

p
p

G
D

B
S

B
G

D

C
ut oxide here at first oxide m

ask.

H
ow

 to get n-regions im
planted selectively w

ith arsenic?
C

ould sim
ply invert polarity of select m

ask at contacts.

p im
plant area in substrate is to m

ake electrical contact by A
l w

ire easier
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C
ro

ss-sectio
n

s fo
r S

elect M
asks

W
e need contacts to “body” or w

ell and body of p-region

N
-select

N
-select is alm

ost dark-field of w
ell m

ask  (except add n-S
i contacts)

oxide

P
-S

i        
n-w

ell

p
n

n
n

p
p

oxide

P
-S

i        
n-w

ell

p
n

n
n

p
p

P
-select

P
h

o
to

resist

P
-select is alm

ost the sam
e as w

ell m
ask (except add p-S

i contacts)
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B
asic C

M
O

S
 P

ro
cess

W
ell m

ask + select m
ask(s) + N

M
O

S
 p

ro
cess

Inverter

IN
O

U
T

V
D

Sn-body

V
D

Dp-body O
U

T

IN

G
R

O
U

N
D

IN

select m
asks

 W
ell  m

ask
 (dark field)

O
U

T

V
D

D
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Separate M
asks

W
ell, o

xid
e, an

d
 p

o
lysilico

n
 m

asks

poly m
ask

(clear field)

 W
ell  m

ask
 (dark field)

oxide  m
ask

 (dark field)
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Separate M
asks (cont.)

S
elect m

asks, co
n

tact m
ask, an

d
 m

etal m
ask

contact  m
ask

 (dark field)

m
etal m

ask
 (clear field)

N
 select m

ask
clear field
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C
M

O
S

 P
ro

cess S
eq

u
en

ce

  1. p
-typ

e startin
g

 m
aterial; g

ro
w

 500 n
m

 o
f o

xid
e

  2. p
attern

 o
xid

e w
ith

 w
ell m

ask
  3. im

p
lan

t p
h

o
sp

h
o

ru
s an

d
 an

n
eal (“w

ell d
rive in

”) to
 a d

ep
th

o
f 3 µµm

  4. strip
 o

ff o
xid

e
  5. g

ro
w

 500 n
m

 o
f o

xid
e

  6. p
attern

 w
ith

 o
xid

e m
ask

  7. g
ro

w
 5 n

m
 o

f o
xid

e
  8. d

ep
o

sit 500 n
m

 o
f n

+ p
o

lysilico
n

  9. p
attern

 w
ith

 p
o

ly m
ask

10. sp
in

 o
n

 resist
11. p

attern
 w

ith
 th

e select m
ask (d

ark field
)

12. im
p

lan
t b

o
ro

n
; strip

 o
ff resist

13. sp
in

 o
n

 resist
14. p

attern
 w

ith
 th

e select m
ask (clear field

)

S
am

e pattern
except for w

ell
and substrate
contacts
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C
M

O
S

 P
ro

cess S
eq

u
en

ce (co
n

t.)

15. im
p

lan
t arsen

ic; strip
 o

ff resist an
d

 an
n

eal im
p

lan
ts to

 fo
rm

so
u

rce an
d

 d
rain

 reg
io

n
s

16. d
ep

o
sit 500 n

m
 o

f o
xid

e
17. p

attern
 u

sin
g

 co
n

tact m
ask (d

ark field
)

18. d
ep

o
sit 1 µµm

 o
f alu

m
in

u
m

19. p
attern

 u
sin

g
 m

etal m
ask (clear field

)
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C
M

O
S C

ross Sections
A

 A
′

012345

x [ µm
]
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S
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m
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