4 CMOS IC Fabrication
Process



outlines

e Basic IC fabrication steps
e CMQOS process steps
e Design rules



Wafer, Die, and IC
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Average male - 1.78
meters tall.

Average female - 1.63
meters tall.

Meter scale

US Penny - 19.05
millimeters in diameter

and 1.55 millimeters
thick.
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Millimeter scale

100 micrometers Human hair - 30 to 200

micrometers in diameter.

10 micrometers Bacteria - 0.7 to 30

micrometers long.

1 micrometer
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100 nanometers

Viruses- 3 to 50

10 nanometers nanometers long.

1 nanometer

Manometer scale

Covalent radius of a
silicon atom - 118
picometers.

100 picometers
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Material growth and deposition

Oxidation

Diffusion/ion implantation
Polycrystal silicon
solation

Metal layers and contacts




Silicon Dioxide (SIO.)

e Thin oxide, using dry oxidation
— Material under the gate terminal of MOS

« Thick oxide (field oxide), using wet oxidation
— |solation between MOS

 CVD (chemical vapor deposition) oxide
— Isolation between layers

SiOg molecules

O9 Flow

== *"781 SiOg layer i
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Silicon wafer st
(a) Growth phase (b) Final structure St

Figure 4.2 Thermal oxide growth



Doped Silicon Layers
Diffusion of n (or p) type impurity into Si
on Implantation of impurity

—orm the wells In substrate
—orm the drain/source terminal of MOS

Arsenic ions
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Figure 4.14 Creation of doped silicon patterns



Polysilicon

Form gate terminal of MOS

Originally metal gate

— Metal Oxide Semiconductor (MOS)

Polysilicon gate

Silicide

— poly coated with a thin-layer of refractory
metal to reduce sheet resistance

Can also be used in stacked capacitor for
RAM process (TSMC 0.35um 2P3M)



Metal

o Aluminum (Al) Hillocks

— Material or metal ._
layers |

— Suffers
electromigration
o Copper
— Half resistance of Al

— Much harder
process




Chemical-mechanical polishing (CMP)

* Produce planar surface using a combination
of chemical etching and mechanical
“sanding”

* Metal deposition steps in multi-layer metal

process S
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DO
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Substrate Substrate

(a) After oxide deposition (b) After CMP

Figure 4.8 Surface planarization



Lithography (patterning)

Reticle ! uv
; Projection
I! /' optics Hardened
\\ ': r! (not shown) — | < Reticle resist layer
\\ jl .rli { { { f % i f’l‘ransmitl ed '/
| light
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Reticle wafer surface

. Figure 4.12 Characteristics of positive photoresist
Figure 4.11 Exposure step

Hardened resist layer

/ \ Patterned oxide layir
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ayer
Substrate Substrate
(a) Initial patterning of resist (b) After etching process

Figure 4.13 Etching of an oxide layer



Well formation

o Twin-well process

First place tubs to provide properly-doped
substrate for n-type, p-type transistors:




Poly deposition

e Thin oxide (gate oxide) before poly

Pattern polysilicon before diffusion
regions: |




Diffusion (ion implantation)

o Self-align process

Add diffusions, performing self-masking:

poly poly
TR pap [RET




Metal layers and contact cuts

e Contact cuts for interconnections

Start adding metal layers:

<-\ vias /T

n+ p+ n-tub P

n+

p-tub



NMOS Transistor layout

e Length (poly width) and width (diffusion
width) of MOSFET

n-type (tubs may vary):




CMOS Process | (active area)

p-epitaxial layer

p' substrate

(a) Starting wafer with epitaxial layer
p, N, \ n-well J

(b) Creation of n-well in p-epitaxial layer
/ Nitride\

Bt
p. N, \ n-well j

(c) Active area definition using nitride /oxide

Figure 4.16 (a) Initial sequences in the CMOS fabrication sequence



CMOQOS process Il (field oxide)

FOX FOX

(e) Field oxide growth

T ..

(f) Surface preparation

Figure 4.16(b) Initial sequences in the CMOS fabrication sequence



CMOQOS process Il (MOS)
e o G

(a) Gate oxide growth

(b) Poly gate deposition and patterning

boron implant

ey

:—well“.‘./
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p-!: irﬁplants
(c) pSelect mask and implant

]

arsenic implant

o

N\ n+ implants
(d) nSelect mask and implant

Figure 4.17 Formation of nFETs and pFETs




CMQOS process IV (metal layer)
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(c) Metall coating and patterning



Bonding pad

To package pin

Metal pad
\ Overglass

cut \

To silicon

(a) Top view (b) Side view

Figure 4.19 Bonding pad structure



P-well CMOS: well, TOX, Poly

top view)

=l

mask (side view)

mask (

n-substrate p-well
active area
(for MOS)
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==

Emm—
+ o
ﬁ
e e e e SRt S

pMOS drain/source

e b B e

= = %

b
&

o
*e

e 7%
e ol

: Fme

Lt
i




Lightly doped drain (LDD)

e Reduce hot-electron effects in short-
channel devices

 Transparent to layout designers

O I 10 W 77
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p-type

(a) LDD FET structure



Silicide
 Even heavily doped polysilicon has large

sheet resistance (about 25 ohm)

 Add refactory metal to reduce the sheet
resistance to about 10m ohm

(b) Silicide formation



Copper patterning

Half resistance of Al
Hard to etch

Diffuse rapidly through Si
Damascene process

Oxide trenches for
copper patterns

(a) Oxide patterning (b) Copper deposition

SiO
# ,-’{"'?’ Fb 4

L

(c) After planarization

Figure 4.22 Copper patterning using the Damascene process



Dual-Damascene for Cu

e Create via using Cu
« Thin barrier layers are required to contain Cu

Figure 4.23 Dual-Damascene structure with copper vias



Design rules

 Minimum dimension, line spacing,
overlapping, extension of different patterns
e Micron rules
— Unit of micron meters
— Technology dependent (non-scalable)
e Lambda rules
— Unit of lambda
— Technology independent (scalable)
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Figure 4.25 Example of a surround design rule

Figure 4.27 Example of an extend (gate overhang) design rule



MOSIS scalable lambda rules

* Designed to scale across a wide range of
technologies

e Designed for educational use
o fairly conservative
1) Is the size of a minimum feature.

o Specifying A particularizes the scalable
rules.

e Parasitics are generally not specified In
A units.
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vias

ypes of via: metall/diff, metall/poly,
metall/metal2.




Metal 3 vias

e Type: metal3/metal2.

* Rules:
—cut: 3x3
— overlap by metal2: 1
— minimum spacing: 3
— minimum spacing to vial: 2



Tub ties

» Also called Substract contact (or well

contact)
4

1




Poly/poly: 2

Vialvia: 2

Metall/meta
Metal2/meta
Metal3/meta

spacings

Diffusion/diffusion: 3

Poly/diffusion: 1

1: 3
2. 4
3: 4



overglass

Cut In passivation layer.
Minimum bonding pad: 100 m.
Pad overlap of glass opening: 6

Minimum pad spacing to unrelated
metal2/3: 30

Minimum pad spacing to unrelated metall,
poly, active: 15




SCMOS Design Rules

e Scalable CMOS (SCMOS) design rules
— Technology independent (unit of lambda)
— Standard (1.5um — 0.35um)
— SUBM (0.5um — 0.18um)
— DEEP (0.25um — 0.18um)
e Layers
— Well (n-well, p-well, twin-well)
— Active (thin oxide)
— Poly
— Contact to Poly and Active
— Via to Metal



Standard MOSIS SCMOS
(1.5um — 0.35um)

Table 2a: MOSIS SCMOS-Compatible Mappings

Lambda

Foundry Process (micrometers) Options
AMI ABN (1.5 micron n-well) 0.80 SCNA, SCNE
. SCN3M
= el
AMI C5N (0.5 micron n-well) 0.35 SCN3ME
Agilent/HP | AMOS14TB (0.5 micron n-well 0.35 2CNIT.
: ‘ 1' SCN3MLC
0.35 micron 2P4M (4 Metal
TSMC Polycided, 3.3 V/5 V) 0.25 ELSEEANS
TSMC 0.35 micron 1P4M (4 Metal 0.25 SCN4M

Silicided, 3.3 V/5 V)




SUBM (Submicron)
0.5um — 0.18um

Table 2Zb: MOSIS SCMOS_SUBM-Compatible Mappings

Foundry Process (mi::_?:n'?:tirsj Options
AMI C5N (0.5 micron n-well) 0.30 %HE%&E‘A
Agilent/HP AMOS14TE (0.5 micron 0.30 SCNZM SUBM.,

n-well) SCN3MLC SUEM
0.35 micron 2P4M (4 Metal
TSMC Polycided, 3.3 V/5 V) 0.20 SCNAME SUBM
0.35 micron 1P4M (4 Metal
TSMC Silicided, 3.3 V/5 V) 0-20
0.25 micron 5 Metal 1 Poly
TSMC (2.5 V/3.3 V) 0.15 SCN5M_SUBM
TSMC 0.18 micron 6 Metal 1 Poly 0.10 SCN6M SUBM

(1.8 V/3.3 V)




DEEP (deep submicron)
0.25um — 0.18um

Table 2c: MOSIS SCMOS_DEEP-Compatible Mappings

Foundry Process (milt-:li‘lrn‘?:ta:arsj Options
0.25 micron 5 Metal 1 Poly (2.5

TSMC V/3.3V) 0.12 SCNS5M_DEEP

TSMC 0.18 micron 6 Metal 1 Poly (1.8 0.09 SCN6M DEEP

V/3.3 V)




Well

Lambda
Rule Description
SCMOS SUBM DEEP
1.1 Minimum width 10 12 12
1.2 Minimum spacing between wells at different potential 9 18 18
1.3 Minimum spacing between wells at same potential 6 6 6
Minimum spacing between wells of different type (if both
1.4 0 0 0
are drawn)
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Active (MOS transistor area)

2.1 | Minimum width 3 * 3 * 3
2.2 | Minimum spacing 3 3 3
2.3 Source/drain active to well edge 5 [+ 6
2.4 Substrate/well contact active to well edge 3 3 3

Minimum spacing between non-abutting active of
2.5 different implant. Abutting active ("split-active™) is 4 4 4
illustrated under Select Layout Rules.




Rule

3.1
3.2
3.2.a
3.3
3.4
3.5

Polv (aate terminal of MOS)

Lambda
Description
SCMOS SUBM DEEP

Minimum width 2 2 2
Minimum spacing over field 2 3 3
Minimum spacing over active 2 3 4
Minimum gate extension of active 2 2 2.5
Minimum active extension of poly 3 3 q
Minimum field poly to active 1 1 1
3.5
Active
Poly [ 3.1
53,2
Poly B 3.5
3.4

Active



Contact to Polv

Lambda Lambda
Rule Description Rule Description
SCMOS SUBM DEEP SCMOS SUBM DEEP
5.1 |Exact 2x2 | 2x2 | 2x2 | 5.2.p Minimum 1 1
contact size poly overlap
Minimum Minimum
3.2 poly overlap ) s o) 5.5.b | spacing to 4 5 5
other poly
Minimum
5.3 | contact 2 3 4 Minimum
spacing spacing to
— >.6-b active (one 2 2 2
M'“”'_"”"'; contact)
spacing to
>-4 gate of 2 2 2 Minimum
transistor spacing to
5.7.b | active 3 3 3
(many
contacts)
= Contact
o
Active
DI .
53 ]
o o
E‘FD
—r Poly




Rule

6.1

6.2

6.3

6.4

Contact to Active

Description

Exact
contact size

Minimum
active
overlap

Minimum
contact
spacing

Minimum
spacing to
gate of
transistor

SCMOS SUEM DEEP

2x2

1.5

Lambda

2x2

1.5

2x2

1.5

Lambda
Rule @ Description
SCMOS SUBM DEEP

Minimum
6.2.b | active 1 1 1
overlap

Minimum
spacing to
diffusion
active

6.5.b

Minimum
spacing to
6.6.b | field poly 2 2 2
(one
contact)

Minimum
spacing to
6.7.b | field poly 3 3 3
(many
contacts)

Minimum
6.8.b | spacing to 4 4 4
poly contact

6.2.h]




Metal 1

- - Lambda
Rule Description — = —
SCMOS SUBM DEEP

7.1 | Minimum width 3 3

7.2 | Minimum spacing 2 3

7.3 | Minimum overlap of any contact 1 1 1
Minimum spacing when either metal line is wider than 10

7.4 4 6 6
lambda

Active




Rule

8.1
8.2

8.3
8.4

8.5

Via

Description 2 Metal Process 3+ Metal Process

Lambda

SCMOS SUBM DEEP SCMOS SUBM DEEP

Exact size 2x2 n/a n/a 2x2 2x2 |3Ix3
Minimum vial spacing 3 n/a n/a 3 3 3
Minimum overlap by metall 1 n/a n/a 1 1 1

Minimum spacing to contact for
technology codes mapped to
processes that do not allow 2 n/a n/a 2 2 n/a

stacked vias (SCNA, SCNE,

SCN3M, SCN3MLC)

Minimum spacing to poly or

active edge 2 n/a | n/a 2 2 n/a

Metall

Aclive




Metal 2

Lambda
Rule Description 2 Metal Process 3+ Metal Process

SCMOS SUBM DEEP SCMOS SUBM DEEP

9.1 | Minimum width 3 n/a n/a 3 3 3

9.2 | Minimum spacing 3 n/a n/a 3 3 4

9.3 | Minimum overlap of vial 1 n/a n/a 1 1 1
Minimum spacing when either

9.4 | metal line is wider than 10 6 n/a n/a 6 6 8
lambda

>

Metal2 91

Metall




Via 2

Rule Description 3 Metal Process 4+ Metal Process

Lambda

SCMOS SUBM DEEP SCMOS SUBM DEEP

14.1 | Exact size 2x2 2x2 n/a 2x2 2x2 3x3
14.2 Minimum spacing 3 3 n/a 3 3 3
14.3  Minimum overlap by metal2 1 1 n/a 1 1 1

Minimum spacing to vial for
technology codes that do not

s allow stacked vias (SCNA, SCNE, 2 2 nfa 2 2 n/a
SCN3M, SCN3ME, SCN3MLC)
14.5 Via2 may be placed over contact
bl h s 143
14*11 «—»Via2 <+ Via
14.2
Metal3
Via

Metal2




Metal 3

Rule Description 3 Metal Process 4+ Metal Process

Lambda

SCMOS  SUBM  DEEP SCMOS  SUBM  DELEP

15.1 Minimum width O 5 n/a 3 3 3
15.2 | Minimum spacing to metal3 4 3 n'a 3 3 4
15.3 | Minimum overlap of via2 2 2 n/a 1 | 1
- Minimum spacing when either metal line is wider
15.4 ; ; o (? s - : 8 6 n'a (1] 6 8
than 10 lambda
r s

15.1

Metal3

15:.2

Via2
Metal3 I 153




Via 3

Rule Description 4 metal Process 5+ Metal Process

SCMOS SUBM DEEP SCMOS SUBM DEEP

Lambda

21.1 | Exact size 2x2 2x2 n/a n/a 2x2 3x3
21.2 | Minimum spacing 3 3* n/a n/a 3 3
21.3 | Minimum overlap by Metal3 1 1 n/a n/a 1 1

* Exception: Use lambda=4 for rule 21.2 only when using SCN4AM_SUBM for
Agilent/HP GMOS10QA 0.35 micron process

21.1 3213

4+—>r

ZI.II TVﬁaS

Metal3

Metal2




22.1 | METAL4 width n/a n/a

22.2 | METAL4 space n/a n/a

22.3 METALA4 overlap of VIA3 2 n/a n/a
Minimum spacing when either

22.4 | metal line is wider than 10 12 12 n/a n/a

lambda

222




Viad4 and Metal5

SCMOS Layout Rules - Via4
(SUBM and DEEP)

Vias must be drawn orthogonal to the grid of the layout. Non-Manhattan vias

are not allowed.

Rule Description

25.1 | Exact size
25.2 | Minimum spacing

25.3 | Minimum overlap by Metal4

Lambda

5 Metal Process 6+ Metal Process

SCMOS SUBM DEEP SCMOS SUBM DEEP

n/a 2x2 3x3 n/a 2x2 3x3
n/a 3 3 n/a 3 3
n/a 1 1 n/a 1 1

SCMOS Layout Rules - MetalS
(SUBM and DEEP)

Rule Description

26.1  Minimum width
26.2  Minimum spacing to Metal5
26.3  Minimum overlap of Viad4

Minimum spacing when either
26.4 | metal line is wider than 10
lambda

Lambda
5 Metal Process 6+ Metal Process

SCMOS SUBM DEEP SCMOS SUBM DEEP

n/a 4 4 n/a 3 3
n/a 4 4 n/a 3 4
nfa 1 2 n/a 1 1
n/a 8 8 n/a 6 8



Rule

30.1
30.2
30.3

30.4

Via5 and Metal 6

SCMOS Layout Rules - Via5 (SUBM and DEEP)

Vias must be drawn orthogonal to the grid of the layout. Non-Manhattan vias
are not allowed.

Lambda
Rule Description 6 Metal Process

SCMOS SUBEM DEEP

29.1 | Exact size n/a 3x3 [4x4
29.2 | Minimum spacing n/a q 4
29.3 | Minimum overlap by Metal5 n/a 1 1

SCMOS Layout Rules - Metalé (SUBM and DEEP)

Lambda
Description 6 Metal Process

SCMOS SUBM DEEP

Minimum width n/a 5 5
Minimum spacing to Metalé n/a 5 5
Minimum overlap of Vias nfa 1 2

Minimum spacing when either metal line is wider than 10

lambda n/a 10 10



Summary of some important rules

Layer Rules No. Description Lambda (deep submicron)
I active 2.1 Minimum width 3
2.2 Minimum spacing 3
poly 3.1 Minimum width 2
3.2.a Minimum spacing over active 4
3.3 Minimum gate extension of active | 2.5
3.4 Minimum active extension of poly | 4
contact 51 Exact size 2 X2
5.2 (5.2b, 7.3) Minimum overlap 1.5 (1)
Metal 1 7.1 Minimum width 3
7.2 Minimum spacing 3
Vial, 2,3, 4 8.1, 14.1, 21.1, 25.1 | Exact size 3X3
8.3,14.3, 21.3, 25.3 | Minimum overlap 1
Metal 2, 3,4,5 |9.1,15.1, 22.1, 26.1 | Minimum width 3
9.2,15.2,22.2,26.2 | Minimum spacing 4
Viabs 29.1 Exact size 4x4
30.3 Minimum overlap 2
Metal 6 30.1 Minimum width 5
30.2 Minimum sbacind 5
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