Introduction to
CMOS VLSI
Design

Layout, Fabrication, and
Elementary Logic Design

Adapted from Weste & Harris
CMOS VLSI Design




s,
 Implementing switches with CMOS transistors

O How to compute logic functions with switches

1 Fabricating transistors on a silicon wafer and
connecting them together
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Silicon Lattice

s s s
O Transistors are built on a silicon substrate

d Silicon is a Group |V material

O Forms crystal lattice with bonds to four neighbors

Si Si Si—
Si Si Si—
Si Si=—

Si
[
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Dopants

T
O Siliconis a semiconductor
O Pure silicon has no free carriers and conducts poorly
1 Adding dopants increases the conductivity
O Group V: extra electron (n-type)
O Group llI: missing electron, called hole (p-type)

Si Si Si Si Si+ Si
Si=—As—Ssi Si Eif Si
Si Si Si Si Si Si
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p-n Junctions

T
O A junction between p-type and n-type semiconductor
forms a diode.

O Current flows only in one direction

p-type ; n-type

anode cathode

e

s
Fabrication and Layout CMOS VLSI Design Slide 5




nMOS Transistor

T
O Four terminals: gate, source, drain, body
1 Gate — oxide — body stack looks like a capacitor
— Gate and body are conductors
— SiO, (oxide) is a very good insulator

Source Gate Drain
Polysilicon
Cﬁ Si02
\ N
n+ n+ e
I L
P bulk Si
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nMOS Operation

T
O Body is commonly tied to ground (0 V)
d When the gate is at a low voltage:
— Source-body and drain-body diodes are OFF
— No current flows, transistor is OFF

Source Gate Drain
Q Q O Polysilicon
< sio,
\ \//
N\ ——
0
n+ L of N+ L
ST 'D
p bulk Si
v
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nMOS Operation

T
d When the gate IS at a high voltage:
— Positive charge on gate of MOS capacitor
— Negative charge attracted to body
— Inverts a channel under gate to n-type

— Now current can flow through n-type silicon from
source through channel to drain, transistor is ON

Source Gate Drain

Polysilicon

I Si02

\ N
N\
1
n+ L H n+ L

ST 'D

p bulk Si

v
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pMOS Transistor

s,
O Similar, but doping and voltages reversed
— Body tied to high voltage (Vpp)
— Gate low: transistor ON

— Gate high: transistor OFF
— Bubble indicates inverted behavior

Source Gate Drain

Polysilicon

S0,

b

I L

n bulk Si
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Power Supply Voltage

R
d GND=0V
d In1980's, Vpp = 5V
d V,p has decreased in modern processes
— High Vp would damage modern tiny transistors
— Lower Vp saves power
d Vyp=3.3,2.5,1.8,1.5,1.2,1.0,

st s v s
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Transistor Abstraction

s

[ 3D structure formed by fabrication
d 2D planar “layout” view

d Schematic symbol

O Switch

\_J L *
e i e

s
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Transistors as Switches

s

1 We can view MOS transistors as electrically
controlled switches

[ Voltage at gate controls path from source to drain

g=0 g=1
d d d
nMOS gAE i\OFF i ON
S S S
d d d
pMOS gH{ i ON (j‘ OFF
S S S
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Switching Logic

s

conducts iff

3eb conducts iff
(0 only) \ (Oac—:nl?y)
a b _|_
1 1
S S I N N d S —
_I_I_
T
b
. a
a _Ja_
b b

N T t
/ T '\
conducts iff conducts iff

a'sb' or (a+b)' a'+b' or (aeb)'
%1 on %% (1 only)
S ﬁﬁﬁEﬁﬁﬁ‘ﬁ‘Emﬁﬁﬁﬁ‘ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁEﬁ%ﬁﬁ‘ﬁﬁmﬁﬁﬁ%ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ
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Implementation of Logic Gates

e
d ORgate a a b | a+b
1
N 0 0
1 — L f(a,b)
g 0 1 1
T
b 1 0 1
1 1 1

d Two problems
— 1) when a=b=0, f(a,b) is undefined (floating)
— 2) n- type switches do not conduct 1 well
O Two solutions
— when =0, connect output to Ov using n-type switches

— when f=1, connect output to 1v using p-type switches

s
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Complementary CMOS Gates

e e e e e e e e e
O Pull-up network consisting of p-type devices 1v (logic 1)
O Pull-down network consisting of n-type devices T

P T pull-up

inputs — output

N l pull-down

X/
d Example: an inverter ov (logic 0)
a a' f:a
0| 1
1|0 |

S S
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CMOS Inverter

s

A Y V

1 -
A~ Y

4|

GND

st s v s
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CMOS Inverter

s

A |Y VDD
0
1 0 —O{ OFF
A=1— Y=0
. oN
A Y

GND
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CMOS Inverter

s

A |Y VDD
0 |1
1 o %z{ ON
A=0— Y=1
—1LoFF
A Y

GND
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CMOS NAND Gate

e

s S Nl

0 |1 +—Y
1 |0 A

1 1 B

L

- v
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CMOS NAND Gate

P

i
A |B |Y
o (0 (1
0
1
1

1 »
-

A

B

0

—

_ 1

ON

-

e

0

N
+—Y=1

OFF

OFF

N

i

]

Fabrication and Layout

CMOS VLSI Design

Slide 20




CMOS NAND Gate

s

A |B |Y - —

0 |0 |1 Hﬁ{ OFFHJ{

0o (1 |1 B } Y=1
o A=0 OFF
En ™
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CMOS NAND Gate

P

i
A |B |Y
0 |0 1
0 1 1
1 o |1
1

y

A

B

1

—

_ 1

ON

e
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OFF

0

N

+—Y=1
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CMOS NAND Gate

s

A (B |Y - —

0 |0 |1 Hﬁ{ OFFHJ{ OFF

o |1 |1 } Y=0
1 10 |1 A=]

1 1 0 B=1 ON

L
\V4
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CMOS NOR Gate

s
A B |Y

0 |0 |1 A J
B O

T —L =
E v
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3-input NAND Gate

T
4 Y pulls low if ALL inputs are 1
Y pulls high if ANY inputis O

st s v s
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3-input NAND Gate

T
4 Y pulls low if ALL inputs are 1
Y pulls high if ANY inputis O

Ll AL
A ]
B Il
C

st s v s
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Switch Logic vs. Gate Logic

T
d Example: two-input multiplexer

f=a, when s=0
2:1 f
b f=b, when s=1

f=s'a+sb

s
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Switch Logic vs. Gate Logic

O Two-input mux with gate logic (14 transistors)

sl

)

I

d Two-input mux with switch logic (6 transistors)
5

Comp|ementary /‘4 |

ass transistor
S R
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Implementing LUTs
e e e e e e e e e
O Multiplexor logic — simple switch network (a tree)
— inputs: programming bits
— controls: inputs to CLB |
. A =
— output: function value |
1 However, series transistors A

are slow — O(n?) " ”_n ||:|
Il
B I IIJ

c—2 T
c L

BitO Bitl Bit2 Bit3 Bit4 Bit5 Bit6 Bit7

I
I
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Programmable Interconnect
e e e e e e e e e
d Switches connect wires at intersections
O Can also be used to segment wire
1 Repeaters needed every so often
— simple non-inverting buffers (2 inverters)
— otherwise, too many switches in series slow down signal

hd
e P P P ;

LA -5
LA -
LA K4
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Master-Slave Register

e

02

. :
£p12
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Dynamic Register

s

In

Input Sampled

i Output Enable
i
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Latch-Based Design

T
1 Switches and/or gates compute new values to store
on next clock cycle

straightforward implementation

— . |

b2 B

this circuit can use the entire clock cycle — no wasted time - a form of retiming

cL chf:i——b— cL Aii—ba—

b2 dq

S e
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Static Memory Cell

T
 8-transistor cell
O N-transistor only: 6T cell

bit bit'

rd or wr

(rd or wr)'

TA YA

SE SE

st s v s
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Dynamic Memory Cell

s

d 1-transistor cell precharge to
intermediate

voltage level

is one end of transistor

] storage capacitor
_I_\_j_ L g p
L

charge sharing with

bus capacitance

(Ceont << Coe) e destructive read
“ " 1 (must immediately

extra demands on ﬁ write back)

sense amplifier to

detect small changes /

in bus charge

st s v s
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Dynamic storage

e

 Capacitor implemented by gate capacitance of
transistor

[ No capacitor is perfect

— charge leaks away through imperfect switches
d Must be replenished or refreshed
— 'memory' lasts about 1ms

O Solution: periodically read the value and write it back

st s v s
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Read-only Memory Cells

S
d To store constants or other invariant data
d Popular for control implementation

bitl bit2 bit3

readl

L

k!

read2 T

!

L
1

L
,_!_\__L

programmable logic array structure

(exploits distributed NOR gate structure)

s
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Multi-ported Register Cells
s,
O Augment 6T cell for more /O

bus1 bus2'
row-busl
._I_L__|>o_.__l_|_
== < =N
row-bus?2

bus2 bus1'
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CMOS Fab catlon

S
d CMOS transistors are fabricated on silicon wafer
O Lithography process similar to printing press

 On each step, different materials are deposited or
etched

 Easiest to understand by viewing both top and
cross-section of wafer in a simplified manufacturing
process

s
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The wafer

s me®
u Czochrallslkl process :ﬁ‘;/_pu..aod
— Melt silicon at 1425 °C A Q
— Add impurities (dopants) Se“;"?ﬁ: e

— Spin and pull crystal
1 Slice into wafers
— 0.25mm to 1.0mm thick

J Polish one side

—— Crucible

—— Melt

\ \ Heater
Pedestal

S
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© Kay Chernush

Crystaland wafer

S

Wand A polished wafer

(a finished 2501Ib crystal)
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The mask

T

d llluminate reticle on wafer
— Typically 4x reduction 4X reticle

O Typical image is 25%X25mm
— Limited by focus

0 Step-and repeat across wafer Water
— Limited by mechanical alignment

e e R
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 Requires many steps per “layer”

d Example: Implant layer




Grow Oxmle Layer

Oxidation Layering
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Add Phoore5|st

e S e e s

Photoresist Application
{Ontrak)

Photoresist

Photoresist Coating

HEE
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Pattern

Preparation
Pellicle _l — Chrome Pattemn — Quartz Substrate

Reticle
Pattern Preparation

SR SRR
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Expose usmg UV Light

S

Photolithography

U —— ———
Recf‘é?él)fb@' DFT?LLMAN KINETICS




Develop and Remove ReS|st

Developed
Photoresist

Photoresist Developing
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Etch Slllcon D|0X|de

SEEREEE S A

Developed
Photoresist

Dielectrics Etching

S
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Remove Re5|st

Silicon Dioxide

Photoresist Ashing

 REMPSEORIT | MAN KINETICS
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Silicon Dioxide

lon Implant
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Inverter Cross-section

o £ s
O Typically use p-type substrate for nMOS transistor
— Requires n-well for body of pMOS transistors
— Several alternatives: SOI, twin-tub, etc.

A
GND . Vo, = so,
""" A k: :( A.{. - ./. - __/_ Ee— \‘\: [ ] n+diffusion
l S VAR G I I p+ diffusion
/ L /: well ] polysilicon
p substrate e

nMOS transistor pMOS transistor

s
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Inverter Layout

s,
1 Transistors and wires are defined by masks
1 Cross-section taken along dashed line

NN N N NN NN
\\\\\\\

GND A

N

N\
L ._i (-
AN

nNMOS transistor pMOQOS transistor
substrate tap well tap

S s S
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Advanced Metallization - Copper

Dual damascene IC process

¢ Oxide deposition

* Stud lithography and
reactive ion etch

* Wire lithography and
reactive ion etch

¢ Stud and wire
metal deposition

* Metal chemical-
mechanical polish

Cdpper versus Aluminum
~ 40% lower resistivity

% O
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A View of Interconnect

e, ﬁﬁﬁﬁﬁﬁﬁﬁ%ﬁ%ﬁ%ﬁﬁ e

p——_ - ' .
T, e e
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Package-to-Board Interconnect
s s s

R 4

\

(a) Through-Hole Mounting (b) Surface Mount
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FIip-Chip Bonding

s

Die

Y St N

Solder bumps \@

Interconnect

layers

Substrate
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Package Types

B
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Modules

R

Multi-Chip

11
i 4
1§
1HHIH
111
0 Beet

......

® @ 0 0 6 6 o

i e ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ e e ﬁﬁﬁﬁﬁ§ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ

cmos vLsI BeBigial Integrated Circuits2nd




