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CMOS Technologies

* n-well process: p-substrate

* p-well process: n-substrate
 Twin-well process

— Optimized for each transistor type

* Triple-well process (deep n-well)

— Good isolation between analog and digital blocks

 BiCMOS process (SiGe)
* Silicon-on-insulator (SOI) process
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Process Steps

 Wafer formation
» Photolithography % %¢%!|
Well and channel formation

o

e |solation
e Gate oxide

_* Gate & source/drain formation
e Contacts and metalization
 Passivation
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Schematic and Layout of CMOS Inverter
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[ —

i n+ Diffusion

B p+ Diffusion
><] Contact hole
Metal 1

=

Gate 2 je— W, —>

7

Gate |

W, >

2

s

— 3 A’

GND

EE3230



Cross Section of CMOS Inverter
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Photomasks of n-well CMOS Inverter

(a) n Well (b) Active region (c) Poly 1 (d) n+ Diffusion
el A
— -
[ 1] | 7
x L é y
e
i H
] i 1%
% 7 Z
/ / GND

(e) p+ Diffusion (f) Contact hole (g) Metal 1 == A
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n-well CMOS Process (I)

(a) (mask #1)
Define n-well diffusion

Phosphorus diffusion

A

SiO,

mBRER

Define active regions (think oxide)

(b) (mask #2)

SiO, Active region

pP-lype

silicon substrate

(c)
LOCOS oxidation(field oxide)
SiO, SiO,
2 g S g

p Substrate

| n Well

p Substrate

(d) (mask #3)
Polysilicon gate

Polysilicon gate

J \

2

T
| SiO, —

p Substrate

l n Well
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n-well CMOS Process (Il)

(e) (mask #4)
n+ diffusion

Arsenic implant

—

n Well

p Substrate

(g) (mask #6)
Contact holes

C VL2 OX1Ad¢

-

p Substrate

(f) (mask #5)
p+ diffusion

Boron implant

.* Phtlurcti.\l '* ¢ i ‘ ¢ ¢

—

n Well

p Substrate

(h) (mask #7)
Metalization

n-MOSFET

p-MOSFET

p Substrate
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Cross-Sectional Diagram of MOSFET

n-MOSFET p-MOSFET

n Well

p Substrate N
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Photolithography

UV light floods backside of mask.

e EERENNEN

Eu VvV | 4 (S nmw Photomask Quartz Glass
Unexposed
TSM C 1{\‘ w,Sam ) Chrome Pattern \ _ photoresist is
Gaps in eventually
Photoresist is exposed cHrarme el removed by an
where UV illuminates it. UV through. appropriate
\ L solvent leaving
, , - the islands of
Photoresist [ | [ ] [] Sxposed
Wafer photoresist.

* Greek: Phoro(light)+éithas(stone)+graps(picture)
— Carving pictures into stone using light

* Resolution enhancement techniques

— Optimal proximity correction (OPC): local pre-distortion, phase
shift masks (PSM): light diffraction, off-axis illumination: (OAl),
contrast enhancement of repetitive pattern
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Well and Channel Formation

nMOS Transistor pMOS Transistor
AN Y i\ st/ s

L“* e U el

Deep n-well

p-substrate

D i f
°f Sary portions of do g’ (n) and acce@tor (p)

— Epitaxy: single-crystal film growth process vanian by
— Deposition: chemical vapor deposition + drive-in T

— Implantation: ion implantation + diffusion + annealing
(standard well and source/drain definition) (i'ﬁﬁ"&lﬁ
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Silicon Dioxide (SiO,)

e Wet oxidation

— Oxidizing atmosphere contains water vapor
temp: 900~1000°C, quick for thick field oxide

* Dry oxidation

— Oxidizing atmosphere is pure oxygen
temp: ~1200°C, highly controlled thin gate oxide

e Atomic layer deposition

— Thin chemical layer deposition for various requirement
(SiO,, metal, dielectric)
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Isolation: LOCOS  fruid oxie

o Nitride Pad Oxide Nitride

Silicon Wafer

I
Thermal Oxidation

T

Oxide

s —
"Bird's beak"
|
Nitride Remowval

o |

.- __ R __J
Oxide

4 ~__ T

* Local Oxidation of Silicon (LOCOS)
— Low density, high electrical field: bird’s beak shape
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Isolation: STI

Trench Silicon Nitride Pad Oxide

\ l \ I 1 I
Well or Active n-well p-well n-well

Substrate or Buried Oxide Substrate

(a) Trench Etch (b) Liner Oxidation

Trench Oxide

- 1 | | / \

n-well p-well n-well

(c) Fill Trench with Dielectric (d) CMP for Planarization

* Shallow Trench Isolation (STI)

— High density and better isolation, need chemical
mechanical polishing (CMP to planarize the structure
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Gate Oxide

thin oxMe

* Shorter gate length

— thinner gate oxide

» Effective Oxide
Thickness (EOT)
— Decrease EQOT using

stack gate structure
with high-k dielectric

@QHM EoT (om‘g;\

e Dual gate oxide for
core and I/O

Gate Oxide
n-well p-well n-well
Substrate
Gate Gate

1.2 nm Si02 3.0 nm high-k dielectric

Silicon Substrate Silicon Substrate
Existing 90 nm Process xend A potential high-k process

Capacitance = 1x (= - Capacitance = 1.6 x

Leakage Current= 1 x

Leakage Current = 0.01 x
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Gate & Source/Drain Formation

Gate Oxide \

N\

Polysilicon

p-well

p-well

Substrate

&V

Implantation

|

N

|

p-well

p-well

» Self-aligned poly-silicon (poly) gate
* Lightly doped drain (LDD) structure

EE3230
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(ki =cloped demid LDD & Salicide

vt . " 1
* LDD Fhort-ouamtel €Y oy
iN Spacer
— Reduce electrical field of 3 /
drain junction and Jkp
hot-electron damage pwel
— High sheet resistance
* Salicide: @//S""’ide
self-aligned silicide N / Dielectic
W ...
— Refractory metal to reduce purel
interconnection resistance
of gate, source/drain Poshed st
cheomeal mechonital f(anw.lz-xh?h
e CMP N
[:}meﬂ{::

— Structure planarization for
further stack process

EE3230
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Contacts and Metalization

metal1
v s bl o
gl ~N
\\\ :<—@act
05 el

* Contact

— Poly-to-metal
diffusion-to-metal

* VIA

— Metal-to-metal

+ CMP

— Structure planarization
for further stacking processes

metal6’ _4 { ]
\ | :
\ :L———‘
|
metal5
~~
vV < v
(o> P | =B emetald .
5 J J —lH
Dielectric
metal3
via23
== , ’.c :

via12

@ # \_};‘Jmetah

Substrate

EE3230

19



Outline

CMOS Technology
* Layout Design Rules pRC yutes

CMOS Process Enhancements
 Manufacturing Issues
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Layout Design Rules ()

* Design rule: geometric constraint and tolerance for
high probability of correct fabrication

— Eeature size, separations, and overlaps _

e Well rule: isolation

* Transistor rule: channel quality
— Poly, active region, n+/p+ implant
* Contact rule: single size for precise process control

 Metal and VIA rule: productivity and conductivity

— Top metal with wider size, space and VIA rules

EE3230



Layout Design Rules (ll)

* N-well process transistors

Poly

fal Y-1o-AcuVe sermaﬂ? "

n-well
ovaris p \\N\\ MNN. \\
-2 &= n-diffusion
1 hwel-To~[0
& * - —s C CMM% p-diffusion
e _
'I \ \? k & Poly
Substrate Contact % tranSIstor Gate Extension p-Transistor Well Contact

wmh
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Layout Design Rules (lll)

-

///;// 7277 .7/

VeNmNe %
\\;.TD §/§ 6.2b/\6“1 §
\/\7 _ 8 S
NA::% +
31%3%/ |
N 21 N
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Layout DesignJ\RuIes (1V)

Table 3.3 Micron design rules for 90nm rrocess

Layer Rule Description 90 nm rule
7 | (Lm)
Well 1.1 Widsh 07
112 ' Spacing to well at different potential 1.5
1.3 ' Spacing to well at same potential 1.0
Active 2.1 ‘Width | 015
(diffusion) (55 ] gpglciﬁg_ toactive 0.20
;23 Source/drain surround by well B | 025
24 Substrate/well contact surround by well 0.25
2.5 Spacing to active of opposite type 0.30
Poly 31 Width o 0.09
13.2 Spacing to poly over field oxide 0.15
| 3.3 | Spacing to poly over active - 0.15
33 Gate extension beyond active 0.15
34  Active extension beyond poly - 0.15
3. Spadng(ﬁjxﬂytgzgﬁvé' 010
Select 4.1 Spacing from substrate/well contact to gate 0.25
42 Overlap of active 7 B 0.20
43 Overlap of substrate/well contact 0.10
4.4 Spacing to select 0.30
Contact 5.1,6.1 Width (exact) 0.12
(to pqu 5.2b, 6.2b ‘ Overlap by poly or active - 0.01
or active) 1 5.3;6.3 ' Spacing to contact ) 0.15
|5.4 Spacing to gate 0.10
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Design Rule Check (DRC) (I)

* To tolerate non-ideal effects and to guarantee
successful device fabrication

* Ex: n-well and active region mask alignment error

-l

TEEER B e & b b
\.0 - 'o.
— —— — - —
$i0, PMOS Region $i0, $i0, PMOS Region Sio,
\\\ n well ,// \\\ n well 4//
p substrate p substrate
[ ] ¢ ]
Si0, Si0, N [ Poly s:o2
\ pt / \ pt /\;:}
n well n well
p substrate p substrate

EE3230
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Design Rule Check (DRC) (i)

* Exposure and etching variation

* Ex: different contact windows Contact widows
- different contact resistance ﬁ S
$i0, ..t .. S0,
\P+/ U P+ ] \N+)
N well
P substrate
alignment rules
Poly overlap
W resolution rules
Contact ” 'I l' | Poly-contact — T Minimum
overlap | uusta diilifees” spacing - I_ width
. =’a g 04 r\ M1
Poly-diff.” {4 1 iRy - Moo
& Contact overlap spacing

spacing
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Layout vs. Schematic (LVS)

e To esure layout is the same as simulated netlist

— Check device parameters, interconnects, and 1/O ports

Model name

- - Channel width

Channel length
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Parasitic Extraction (PEX)

e Evaluate \Bg effects of interconnect (wires)

VDD
o)

]
r'y

. .
GND GND

only C effect only R effect

EE3230 28



Gate Layout

e Layout can be very time-consuming
— Design gates to fit together nicely
— Build a library of standard cells

» Standard cell design methodology
— VDD and GND should abut (standard height)
— Adjacent gates should satisfy design rules
— NMOS at bottom and PMOS at top
— All gates include well and substrate contacts

EE3230



Example: Inverter

Well Tap

y

Voo ) JVoo /) — "

G S L

S D : _

18 g \ PR
Z s
N v AR

N W LD

hod 5 / fg

% 6r ge3br [ N0 ///GND7/ .

/

T'PP cell (@) (b) Substrate Tap
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Example: NAND3

* 3-input NAND gate *(= T3¢ ¢

A

b =] Jo—

¢

C M0S wplem enTATI VH

-—oIL'I‘ o\% O\EIL .

v | v
\{ —%
I

EE3230
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Example: NAND3

* Horizontal n-diffusion and p-diffusion stripes

* Vertical polysilicon gates A
e M1 VDD rail at top
VDD
* M1 GND rail at bottom / %/// 40 2

+ 32Aby40A ;Eé/

y N im
w7 #5777

>/<><>/////A

AN
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Stick Diagrams

* Help to plan layout quickly

— Need not scale

— Draw with color pencils or easy-to-erase markers

Voo VI /7 Vpp P F Z7Z7] o Contact
A > % % %
Q g § Q Metal1
A, AN
Y N S = /g/ Y pdiff
W N\
N \ N\ ndiff
FB VB N RN R
GNDY/// /77 GND FFESTIITTESL S (XXX Polysilicon

(@) (b)
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Simplified A-Based Designh Rules

Metal1 .-_l_v..l\/letal2 _____ Diffusion F:rilysilicon
e el ) n-we
NA B Y ®\=
BB VY m\=
) U bE N R

-

1A 2\
7ZA O FER]  FETFEE 6
e I e i e
Metal1- Metall- Metal1- 33 v,
Diffusion Polysilicon Metal2
Contact Contact Vias ////////
/|

1§orm - A= Gonm
Qosm ° A= 45am

EE3230 35



Layoutdomhated !%ir'%%Tracks

e Space required by wires

— 4 A\ for width and 4 A for spacing = 8-A pitch

* Transistors also consume one wiring track

o

By 00000

W

jor M
EZS N\ AN

(b)

14,

EE3230
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Well Spacing

* Wells must surround transistors by 6 A
— Imply 12 A between opposite transistor flavors

— Leave room for one wire track

\ ;;,
&
Y 4 )
12 e,
Q Y 4 ht(
N |
AN
@ (b)
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Area Estimation

e Estimate area by counting wire tracks

— Multiply by 8 to express in A

A

)
w X< AL X
@l%-Rad
24 gtomdad cell |
40 ).
?\"ﬁ— Y
A
(0-"'0«6“ X
(2- (rack

—-t

S
N

ME %.,g i
NN R
N 20777
N\ \
N
N N

/!@//////////////////

-

32 A

EE3230
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Example: O3AI (1) 2 e Soefani

» Sketch a stick diagram for O3Al and estimate area ™"
-Y=A+B+C)-D voy
CMOS (mplevwonTatidn Pl A B8 C
— y |
- > n a : | X t_{l prees
o) —Y
T
o---L—-lr]J
A -JIIIIl "IClI "10{ X f 'f\

- AND
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Example: O3AI (Il)

e Sketch a stick diagram for O3Al and estimate area
~-Y=({A+B+C)-D

oy}

Voo //g///// VS ////////////%

Q R \

N N Nmp

§ Ny § N

N N N A7
N N N

N N N % %Y
N AR N
\mNmNmi
N TR7Z7N R

GND /ﬁ////// ////E///////////////,
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Example: O3AlI (1)

e Sketch a stick diagram for O3Al and estimate area
~-Y=({A+B+C)-D

- g

Voo ’//g///////// LS LS LS L //@//
A B C D

6 tracks =48 A

N

R

Y

AP

Y XN

N
NN\

.
GND /ﬁ/ /////////g//// VS

5tracks =40 A

L S S

LS S S S

/AN

- a2 41— 41—
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CMOS Technology
* Layout Design Rules

CMOS Process Enhancements
 Manufacturing Issues

EE3230
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CMOS Process Enhancements

* Multiple threshold voltage and oxide thickness

— Low core voltage for low power Cove Trams dTovs
TV

— High 1/0 voltage for interface compatibility V0 T7*¢
* Silicon on Insulator: higher speed
* High-k gate dielectric: thinner EOT
* Higher mobility: SiGe BJT, strained silicon
* Low-leakage transistor: finFET, gate-all-around (GAA)
* Plastic transistor: flexible electronic paper
* High-voltage transistor: LCD driver, power electronics
* Copper interconnect: high conductivity
* Low-k dielectric: low wire capacitance

EE3230



Silicon on Insulator (soz)

o Pros n-transistor p-transistor
. f == 7 Z 772
— No capacitance between g Q /i \\ /
source/drain and body A | 4 A
9 i h n+ p n+ p+ n p+
- *“ f“
— No Iatch-up & ) Sapphire
r-svb
* Cons n-transistor p-transistor

not wul~aef.hed body veltaqe

. El I I I o gl o
- history effect

r i BT 4 7 A
/1 L/ 4 4
/\/ JINN¢
/\\/ sINN\M7
/I I/ | ] I/
nt+ p n+ p+ n p+

— Self-heating effect

Buried Silicon Oxide (BOX)

— Parasitic BJT
—> pass-gate leakage

Substrate

EE3230
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High-k and Higher Mobility

Base Emitter  Collector

)

a 0 nmrﬁ‘is

Oxide ?
wign-Syess P
Melal Gate
Oxide Poly (different for NMOS & PMOS)
Strain Gate
i v —
) ) rain
3 i Gmwelw
: Silicon Substrate
Substrate ‘ 3 g
p-substrala
= . . ke & o _
SiGe bipolar transistor Strained Silicon. High-k + metal gate

Modern CMOS scaling is as much about
material and structure innovation as dimensional scaling

Mark Bohr, “The new ear of scaling in an SoC world,” plenary session, ISSCC 2009
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FinFET and GAA Structure

Cross-section

Gate Oxide

Drain

* Multi-gate FETs

+ Improved electrostatics

Pel%::% :

? Higher parasitic resistance

? Higher parasitic capacitance

Mark Bohr, “The new era of scaling in an SoC world,” plenary session, ISSCC 2009
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Intel Technology Trend

Innovation Enabled Technology Pipeline
Our Visibility Continues to Go Out ~10 Years

32nm 22nm 14nm
2009 2011 2013

Manufacturing Development

2011

22 nm 14 nm
R —————
IN PRODUCTION IN DEVELOPMENT

7nm 5n
2015+

Research

Future Options

7 nm 5nm

IN RESEARCH

Lithography = Materials = Interconnect

... and more

EE3230
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Plastic Transistor

* Electronic paper

/. Source’/ v/ /Drain”/

v/ Gate/ /)

Substrate (glass/plastic)

[ ] Semiconductor (Pentacene)
Gold Terminals
[ ] Insulator (Polymer Si/Nx)

EE3230
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[.\1
Copper Interconnect

* Copper atoms diffuse into the silicon and dielectric,
destroying transistors

— Barrier layers are necessary
* The required process to etch copper wires is tricky

* Copper oxide forms readily and interferes with good
contacts

* Care has to be taken not to introduce copper into the
environment as pollutant
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Copper Damascene Process

(a) Diffusion Barrier Etch Stop (b) Via Dielectric (c ) Line Dielectric (d) Anti-Reflective Layer

N AN

(e) Dielectric Etch (f) Ta Barrier (g) Cu Seed (h) Cu Fill (electroplate)
and CMP

* Pros — high conductivity ¢ Cons — complex process
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pés Sive devites Capacitors

c- R L

MIM Capacitor Fringe Capacitor
A A
| [ 1
snvetal fi A’ B A B A B
| |
Cross-Section
n-K UVieiecltric 7 -
% % % %
metal n—1 - A l/ia A’ /B/T‘ ?/A
A
| | [ [
(a) B (b) Ip
o4 / A - AV
1] / ) <
] . |
?% /? - _ _ %
09 7 7 7
% / / ; ;
o X7 ‘ 2 .
\ B R R R

MiM Cap Layer

EE3230
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Resistor and Inductor

Planar spiral inductor

siltude blockc mask

Non-silicidle hig!'l-tresistivity ; '“tl)
poly resistor L2
WY
NN,
/L% B AR N /////////////g/{{{gé )

LR Z(o

Rl
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Memory Category

Memory Arrays
I
I I |
Random Access Memory. Serial Access Memory Content Addressable Memory
| (CAM)
I | |
Read/Write Memory Read Only Memory  Shift Registers Queues
(RAM) (ROM) |
(Volatile) (Nonvolatile)
1 | i I |
| | Serial In Parallel In First In Last In
Static RAM Dynamic RAM Parallel Out Serial Out First Out First Out
(SRAM) (DRAM) (SIPO) (PISO) (FIFO) (LIFO)
l l | |
Mask ROM Programmable Erasable Electrically Flash ROM
ROM Programmable Erasable
(PROM) ROM Programmable
(EPROM) ROM
(EEPROM)

EE3230
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Non-Volatile Memory (NVM)

* Mask-programmed ROM (read-only memory)

— Not programmable after manufacture

* One-time programmable (OTP) memory

— Fuse structured programming flow %

e EPROM: electrically programmable ROM

L ‘,4— Metal Track
A
7 S AN

— Electrical programming, UV erase

* EEPROM: electrically erasable PROM

— Electrical programmable & erase, byte-level programming

* Flash
— Block-level programming, faster and cheaper than EEPROM
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Flash Memory

N* Control Gate

Gate Oxide

NK Floating Gate>:_

Tunnelling Oxide or Nitride ——— g~

| _q_l‘

n+ Source

|
——(—- p-well n+ Drain

n-well

p-substrate

oV 20V

Y
oV Y 3V
20V

ov oV

Normal Operation Program Erase
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BJT in CMOS Process

Emitter

Base Collector

L]_WET diffusion || TJ J Lij

p-substrate

%

Base

s

p+ dl\ode

77V
4744

Iy
v

N N
SN

Emitter

‘Contact

n+ well

N NN AN

LN NN IS

n-well

‘Anaaw

S

p+ substrate Contact

p-substrate

Colllector

Cross-Section

Representative Layout

 Used in bandgap voltage reference

SERf:

EE3230
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Carbon Nanotube (CNT) Transistor

* Better electrical performance than Si but complex
process

* Smaller channel length
* Higher speed

* Lower power E?f]‘?/% :/z/?
P 3/1'/4 /

| Source ‘
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Antenna Rules

 Maximum area of metal connected to gates without
discharging element

Wire attracts charge during plasma processing and
builds up voltage V= Q/C

L2 \
- —»

1

Length L2 exceeds allowed limit Any source/drain can act as a discharge element
L
i
gate is sensitive

Gate may be connected to source/drain at any metal layer in an auto routing situation n
4t

ﬂ metal4

L1 metal3

< SV iy -
iy S gl

metal1
Idded link solves problem—L1 satisfies design rule
b
4L f

-

_—
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Density Rules .5 _ .9

e CMP and uniform etching process requirement

— Planarization
Model-Based Metal Fill

{777$Imulatlon guides fill pattern selectloﬂ

Pre-CMP dlelectric level

l Dishing Dielectric Loss Erosion

.‘.'_ -'\." \ ..1
File line Wide line File line Wide line
Wide space Wide space Fine space Fine space

* Solution: pattern fill (by CAD) fresvivg metai
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