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CMQOS Process

= Most popular technology for realizing microcircuits.
= Lower fabrication cost.
= Scaling: Easy to reduce dimensions.

= In digital circuits CMOS consumes less power and
requires fewer devices than BIT.

= In analog, the MOST is slower and noisier than the BJT.
However, the speed of MOST is continuously increasing

and becoming comparable to BJT's.
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Silicon

IC fabrication depends on two properties of silicon:

s It is a semiconductor

= Conductivity can be changed by adding impurities

= These impurities, called dopants, can create either n-type or p-type
regions.

= Its oxide is very stable
= It is SiO2, which is quartz or glass (amorphous)
» Great for sealing stuff from impurities
= Can be selectively patterned.
» Etching can remove SiO2 without harming Si.
= Stable grown oxide is the great advantage of Si over Ge or GaAs.
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Doping

= Adding arsenic or phosphorous to the intrinsic silicon
increases its conductivity by adding ‘free’ electrons. Silicon
with electron carriers is called n-type silicon, since the
current is carried by particles with negative charge.

= Adding boron to intrinsic silicon increases its conductivity
by adding ‘free’ holes. Holes are like electrons, but have a
positive charge, so this type of material is called p-type
silicon.
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How to Build a Transistor

poly
+ LL
P

Diffusion is made by adding impurities into the silicon
-n+(p+) diffusion means the region has a lot of impurities
which improves it conductivity

p (n) regions are more lightly doped

-p region is formed first, and then the n+ over dope parts of
the p region to form the n+ regions

N+ dopant is added after the poly is down so poly blocks
dopants
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CMOS Has Two Transistor Types

Look at cross-section
’/,_

AMOS oMOS

n+ to p substrate

substrate must be p substrate must be n

CMOS devices require two types of substrates:
= n-type for pMOS
s p-type for nMOS
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Wells: Local Substrates

+|

pwell process

substrate n

Well acts as a local substrate.

5 =
LFEJpL_J Ly J

n

= Fabricators can choose to make the base wafer n-type
(add pwells) or p-type (add nwells), or choose to add
both, (“twin"wells).
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Twin-Well Process

NMOSFET PMOSFET
) N+ Poly , P+ Poly
[] B L]
o+ we N+ D/S P+ D/S + well
contact P-well -well L DD contagt
LDD

N-type or P-type Substrate 10 ohm-cm

= Two wells may exist (PWELL & NWELL) called twin-tub process.
= Allows both wells to be optimally doped.
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Trlple -Well Process

PMOS

Buried N-type layer .

Standan:l H-well

“ Triple well structure
P-epitaxial layer

= In triple-well CMOS processes a deep n-well is used as a
shielding frame against disturbance from the substrate to

provide N-channel MOSFETs with better isolation from
substrate noise.
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Making Chips

Masks (from layout)

M

i Processed
Processmg Wafer

Wafers
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Chemicals
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Basic Processing Steps

= Processing is performed on the sliced
wafers.

= The wafer is divided to many dies.
= Processing is done in parallel for all dies.

w

= Two parts: SRR

:
R

» Transfer an image of the desired layer pattern
(mask) to the wafer — Photolithography
» Using that image as a guide, create the desired
layer on silicon
« diffusion (add impurities to the silicon)
= oOxide (create an insulating layer)
« Mmetal (create a wire layer)
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Oxidation

Sio,
gate oxide

i

P-type substrate

Si produce a very uniform oxide layer on the surface (few 10s of A°).
Protective coating in many fabrication steps.
Grown by placing Si in oxygen at 1000°C.
Gate oxide:
= Threshold (current, matching, reliability, ...)
= Cleanness (mobility, current, transconductance, noise, ...)
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Photolithography

Opaque
Transparent Polygon
Glass
Mask \/ il/
(a)
UV Light

TYYTYTVYTY
T -

IS TP P IISIITLLSITII TSI IIISS

Substrate
(c)

a— Photoresist

FTITTIT SIS IN TS TETTIISTS

Substrate

(b)

Exposed
Silicon

VI TTSTIIIIELTTIIT TSI ITITS

Substrate

(d)

= Negative PR: hardens in the areas exposed to light
= -Positive PR: hardens in the area NOT exposed to light
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Deposition & Etching

Deposition: material deposition over the Film
complete wafer.

= Chemical Vapor Deposition (CVD): gas Substrate
reaction under high temperatures.

Etching: selective etching from pre- Resist
defined parts on the wafer.
= Wet etching: based on immersing the Film

wafer in acids. Etch in all directions. Substrate
= Dry (plasma), Reactive Ion Etching

(DRIE): uses +ve heated ions to etch a

—vely charged wafer in a vacuum Ret
chamber. Vertical etching. Film

Substrate
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Patterning of SiO2 — Windows for Processing

Si-substrate

(a) Silicon base material

Photoresist

SiC!2

Si-substrate

(b) After oxidation and deposition
of negative photoresist

UV-light

Patterned
ptical mask

111111111
YYYVYVYYVY
—_——e——
| |
YV

A

|
bl

A
e

4-Exposed resist

Si-substrate

(c) Stepper exposure

12/30/2014

BRR QY agmeorem

Hardened resist

SiCb

Si-substrate

(d) After development and etching of resist,
chemical or plasma etch of Sii:l2

Hardened resist

$i02
Si-substrate
(e) After etching
Sii:l2

Si-substrate

(f) Final result after removal of resist
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Ion Implantation

lon Implant
Protective
A, A~ -ayer
Substrate
(a)
rre A = Doping
s Concentration
n-weil J
Substrate

yY

(b)

= Doping atoms are accelerated, focused to hit the surface.
= Damages the lattice.
= Followed by annealing (heating to 1000°C for 15-30 min.)

» Lattice bonds are repaired
» Diffusion of dopants.
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Chemical Mechanical Polishing (CMP)

= In modern CMOS processes, multiple metal interconnect
layers are superimposed onto each other.

= During lithography, topography variation in the thin film
over which the photoresist is spun causes pattern lens
defocusing.

s | he wafer surface must be flat.

’l////ﬁ....’l////ﬂ

.
)
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e R R . ey ey
L) :,'.-\'.xf*.“: ."‘. e X ey - = = = e == - - -8 ‘:'.»"4 5
§ P-type substrate }
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Process Flow: CMOS Inverter

Shallow Trench Isolation — Definition
| ]

STI will be everywhere except
active areas

(a)

- thermal oxidation

PRI [TTIITITIITI RERNNRRNRRRRRNNEE (buffer Si0,)

SizN, XTI TIIIE3 - chem.-vapor deposition
( silicon-dioxide ( (CVD) of Si;N,
(Si0, ) buffe

/ - Photolithography I (+ve):
definition of active areas
y (transistor areas)

“x.__.—-"\&(.x/ T

P-type substrate
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STI Etching
— |

PRI

(b)

- Reactive Ton Etching (RIE)

3K

P-type substrate
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STI Fill
e | [ ]

(c)

- chem.-vapor deposition
(CVD) of SiO,

- chemical-mechanical polishing

: planarization

}- silicon-nitride etching

/

P-type substrate
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Well Implant

]

e R R R R R R R R

PR II

- Photolithography II:
N-well implant windows
- N-well implant and drive-in
- oxide etching
- optional P-well

P-type substrate
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R R R LR RN

o buffer oxide etching

) B ev e el gate oxide S surface cleaning

e e SN SN SN S S S : ' - gate oxide gl'O\N'th

=4 silicon-dioxide &= R i S - threshold-voitage

(S|02 ) buffer VRS S B - s e ARLENREL adjustulent inlplant_

"""" Nwell-----°- - adjustment can be done per
transistor type using the well

P-type substrate mask or for both simultanzously
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Gate Patterning

(f)

- Chem.-vapor deposition
(CVD) of N "-doped
polysilicon

- Photolithography IV: (+ve)
polysilicon patterning

(gate definition)
> P-type substrate - gate-oxide etching
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N+ Implant (Select)
— =

phosphorus ion s

=

\ © toresist

- Photolithography V: (+ve)

P-type substrate impl. N” regions
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P+ Implant (Select)

0

- photoresist stripping
\ o \ - Photollihography VI: (~ve)
/ P-type substrate | impl. P” regions
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Implant Annealing

0

PR Hennad - photoresist stripping
{ N well /l- Chemical-vapor (CVD)

deposition of Si0,
P-type substrate f— Implant annealing
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Contacts

- Photolithography VII: (—ve)
contact hole etching

P-type substrate

P N L%

12/30/2014
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Metal 1 Patterning
—

- aluminum deposition

y - Photolithography VIII: (+ve)
P-type substrate | metallization patterning
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Metalization

m The same contact
opening — metalization
processes is repeated
for several layers of
metal.

m For each additional
metal layer two mask

interconnect

are required: ot
— contact windows
= Loca
— metal itself. S M'Lm
line
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Passivation

m The final step is to cover the wafer with a glass
(passivation) layer, protecting the surface against
subsequent mechanical handling and dicing.

m The passivation mask is used to open the glass only on
top of the bond pads to allow external connection

(packaging).

Bond Pads

\ W,
N

Circuit Core

12/30/2014 MaTemaTtuyeckmne moaenu n metoabl cmHtesa CbUC 32



On-Wafer Test

Probe card

m Each die is tested separately for functional defects by
applying special test patterns.

m For electrical testing a set of microscopic contacts called a
probe card aligned with chip input/outputs are used.

m Faulty chips are marked and later discarded.
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Packaging

— B MOLDED PLASTIC

DIE BOND
. MATERIAL
SILICON CHIP
. GOLD WIRE
Chips BOND

LEADFRAME

Processed
Wafer

m Wafer sliced to multiple chips.

Bond Pads

m Each is packaged

\Wi '
= I/Os connected to the lead frame BOM/L\ M
\

using aluminum or gold wires Wies ~ 2

m Packages remove heat & protect i s WY
the die against environment.
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Advanced Process Developments

s OPC
= Double Patterning

s FINFETS

12/30/2014
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Limits of Optical Lithography

Transistor dimensions keep s per eroomnrcl
scaling down while the ‘
wavelength of the UV light
source is not.

Can't define shapes less
than the wavelength!!

12/30/2014 MaTemaTtuyeckmne moaenu n metoabl cmHtesa CbUC 36



10

o.‘ R

e

Optical Proximity Correction — OPC

Above Wavelength

0.6 um

=
o

1980

- # "".';I' f,"_“’s‘r' "1 \'\,l',' | . ' |
A micron is one-millionth of a Meter .
Without OPC

Diameter of a human hair is 100um
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Optical Proximity Correction — OPC

Above Wavelength
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Optical Proximity Correction — OPC

m OPC: Increase the number
of diffraction orders of light
by slightly changing the
pattern.

m Tool: Calibre OPC

Extension

Scattering Bar
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OPC: Designer viewpoint

= This is a back-end flow, done after tape-out
= Designers are unaware of OPC for the most part

= Only real restriction: limit use of 450 routing
= 45° routes, with OPC, need more spacing to other wires

s OPC does explode the database size
= Imagine the size of a microprocessor database...
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Below 28 nm: Double Patterning

= Close lines are shorted due to light diffraction.

s Concept: Split pitch into two masks -> Double pitch
density.

Conventional Lithography Double Patterning

Geometry features disappearing due to Enables printing of images below minimum
lithography distortion spacing design rules
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m Solution: Add another gate
m FinFET: Double gate MOSFET

m Fabricated
substrate.

m Compatible with CMOS

processing

m Already in production at Intel
22 nm process.

m Discrete W

Multi-fin device

12/30/2014

FINFET

Gate

Channel 2

on top of the

Insulator

Source

technology.

r \
-

Gate, " :
rains
Sources
:
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= Layout Basics
= Design Rules
= Design Rule Evolution

12/30/2014
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Layout Lavers

m [t consists of a pattern of rectangular color-coded areas.

m Different colors (“layers”) correspond to different physical
regions or layers available in the target fabrication
technology. 4

Poly ——
6

n-transistor

N+

Metal Contact
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Example: CMOS Process Layers

12/30/2014
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CMOS Inverter Layout: Transistors

voo
n-well
[ =]
VDD Metal
—c”: oMOS
p-select
[ =]
=) n-select
—| I: AMOS
GND
[ =]
GND
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CMOS Inverter Layout: Routing

VDD

.....................................

VDD

—ci oMOS

p-select

Poly

n-select

—| nMOS =

GND
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CMOS Inverter Layout: Bulk Contacts

VDD |
tn-well

Metal

—cl pMOS

n-selecti

—| AMOS i
j GND
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Design Rules (DR)

= A set of rules that guarantees proper fabrication despite various
tolerances in each step of processing.

= Designer determines transistor W & L, DR dictate the rest.
= Interface between designer and foundry.
= Guidelines for constructing process masks.

= Dimensions: Lo
= scalable design rules: (good old days!!) ‘ :
= All dimensions in integer multiples of -
= Eases technology changes with minimum cost :

= Not optimum __i__ _ B \
= absolute dimensions (micron rules) VA

min. spacing

T°-°T7T°°

min. width
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Design Rules: Minimum Width

s Geometries must exceed a minimum value imposed by
processing capabilities of the technology.

= If a rectangle is excessively narrow, it may break due to
tolerances.

= [he thicker the layer, the greater its minimum allowble
width.

Metal 1

L
* 0.5 um
' lﬁ..ﬁﬁﬁiﬁﬁﬁi.f 0.2 um
— f-— *
0.25 um
| Substrate
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Design Rules: Minimum Spacing

= On the same mask: to avoid that two paths become
shorted if placed too close.

= On different masks: to avoid parasitic devices.

Poly Line
| | +S
* e .
% 431 ....... ’
B ™~ n* implant

— —— o— a—
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Design Rules: Minimum Enclosure

= Ensures enclosure (geometries completely inside other geometries)
despite mask misalignments.

= Transistors surrounded by well and select masks with sufficient
margin.

= Contacts surrounded by enough margin of both materials to be
contacted.
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Design Rules: Minimum Extension

= Some geometries must extend beyond the edge of others by a
minimum value.

= The gate polysilicon must have a minimum extension beyond the
active area to ensure proper transistor action at the edge.

Gate Oxide

p—substrate
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= For example, to contact
Metal3 to the poly, the
following masks should be

used:

= Poly-C-M1-V1-M2-V2-M3
= The higher the metal level, the

thicker the metal, and the
lower the sheet resistance.

12/30/2014

Contacts and Vias

Metal-Via stack
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Double Patterning Decomposition (Coloring)

= DP handling varies from one foundry to the other.
= Some foundries makes it user transparent.
= Others make the user participate in coloring.

Separators

Original
Layer
1 1&1 2 4
. ]
Coloring
Option o I
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Example DP Decomposition Mask Output

-] Lrf 1=
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DP Violations (Odd Cycles)

Various Possible Coloring &  Loop Ring
Violating Separator Errors Error EI‘I‘OI‘

CHUNHHY

ri el B b B s

L 1
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N-kaHanbHbI MOI-TpaH3ucTop

drain

gate biulk:
+ + +
L
I\ r‘_,_w’f'-" i | TVos Vas| soure| |Vos
e A ok #"’ﬂf;e s |
oL electrons Fain o

=] GHO

7 *E T3 0% 'j':llﬂq"_!':il'jnl v
X t regican

pype mobile channel charge feied depletion charge =
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Tononorna CBUC B pa3pese

Passivation
- 'le+— Dielectric
-+—— Etch Stop Layer

RS «— Dielectric Capping Layer

a Copper Conductor with
Global Barrier/Nucleation Layer
: <
Intermediate
Metal 1 " «— Pre-Metal Dielectric
: Tungsten Contact Plug
—>: :4— Metal 1 Pitch
12/30/2014
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MapuwipyT npoektnpoBaHuna CbAC

> System Specification
5 b yStem Sp
> v
¢ Architectural Design
ENTITY test is
port a: in bit; \

end ENTITY test; . .
Functional Design

/ and Logic Design
7

Circuit Design

Physical Design

Physical Verification

DRC and Signoff
LVS
ERC v
)z Fabrication
\ 2
( /l YO [

Packaging and Testing

\
@ Chip
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CTnnn NnpoekTUpoBaHUA

= MeToa CTaHAapTHbIX g4eek
= 3aKa3HOEe NPoeKTUpoBaHueE
= [IporpaMmmupyemsbie normyeckne MaccumBbl
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Tononorus ctaHAApPTHON AYENKU

mmmmmmmmmmmmmmmmmmmmmmm

m1

ol— el bounding box

n-vell —pn (BB

| —rdif

a——— el abutment bow
IAE)

pdiff

o e

=
E-\.-\.

100
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ViHBepTOp

ZB

/B

22

B

GND

4x standard fanout

2x standard fanout

65 nm, standard fanout

63
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40 nm
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N-HE NAND gate (2-input)

R

o

ZB

, 1x and 2x standard fanout

40 nm

Al —
A2

NAND

Al

A2

ZB

Fromiandan T

e

e

o

T

i

o

i

i

s

i

e

o

it
i

i

o

i
s

o

e

i

o

VDD
A2
GND

65 nm, 2x standard fanout 66

65 nm, standard fanout
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Invert (AOI) gate (2-1)

AND-OR-

i

2

-

B

T

o

L

i

-
i

i

40 nm, 1x and 2x standard fanout

i

i

i
e

e
e

AR

R

S

i
e

o

e

i

i

i

i
S

i

EHE
L

B
i
i

R

i

i

S

i

i
it

S

i

e

1
1
0
0

i
B

ZB
AOl
0
1
1
0

Bl —
B2

A

A

Bl
B2
ZB
VDD
GN

67

65 nm, 2x standard fanout

65 nm, standard fanout
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Standard cell layout with
a feedthrough cell

Power Standard CellsGround
Pad Pad

| | [ \\

'mmm m..

= [ Tal ¥ |

= H
'] r r r %
iL [ Ta 1T =
EEE EEm

/ \
Feedthrough Routing

Cell Channel

//

Standard cell layout using
over-the-cell (OTC routing

Power Standard CellsGround
Pad
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Layout with macro cells

H B E BEREEN
. RAM .
PLA
oo , N
RAM
B
Standard Cell
B Block -
I PLA .
_ |
CICIE \m| -
Pad Routing Rvegions
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LB

Field-programmable gate
array (FPGA) (MNJIM)

LB

SB

LB

LB
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Tunel npasun npoektuposaHus (Design Rules)

Size rules, such as minimum width: The dimensions of any component (shape), e.g., length
of a boundary edge or area of the shape, cannot be smaller than given minimum values.
These values vary across different metal layers.

Separation rules, such as minimum separation: Two shapes, either on the same layer or on
adjacent layers, must be a minimum (rectilinear or Euclidean diagonal) distance apart.

Overlap rules, such as minimum overlap:. Two connected shapes on adjacent layers must
have a certain amount of overlap due to inaccuracy of mask alignment to previously-made
patterns on the wafer.
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Tunel npasun npoektuposaHus (Design Rules)

A: smallest meaningful technology-
dependent unit of length

Minimum Width: a
Minimum Separation: b5, ¢, d

......................................... _)-/ Minimum Overlap: e
d
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Tunbl orpaHndeHni (constraints)

Technology constraints enable fabrication for a specific technology node and are derived
from technology restrictions. Examples include minimum layout widths and spacing values
between layout shapes.

Electrical constraints ensure the desired electrical behavior of the design. Examples include
meeting maximum timing constraints for signal delay and staying below maximum coupling
capacitances.

Geometry (design methodology) constraints are introduced to reduce the overall complexity
of the design process. Examples include the use of preferred wiring directions during routing,
and the placement of standard cells in rows.
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DBPUCTUYECKNE aNrOPUTMB

= Deterministic: All decisions made by the algorithm are repeatable, i.e., not random. One
example of a deterministic heuristic is Dijkstra’s shortest path algorithm.

= Stochastic: Some decisions made by the algorithm are made randomly, e.g., using a pseudo-
random number generator. Thus, two independent runs of the algorithm will produce two
different solutions with high probability. One example of a stochastic algorithm is simulated

annealing.

= In terms of structure, a heuristic algorithm can be
= Constructive: The heuristic starts with an initial, incomplete (partial) solution and adds
components until a complete solution is obtained.

= Iterative: The heuristic starts with a complete solution and repeatedly improves the current
solution until a preset termination criterion is reached.
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3BPUCTUYECKNE ANITOPUTMb

Problem Instance ™ """ """"-7
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STanbl pa3sutnsa CAINP CBUC

Time Period

Circuit and Physical Design Process Advancements

1950 -1965

Manual design only.

1965 -1975

Layout editors, e.g., place and route tools, first developed for
printed circuit boards.

1975 -1985

More advanced tools for ICs and PCBs, with more sophisticated
algorithms.

1985 -1990

First performance-driven tools and parallel optimization algorithms
for layout; better understanding of underlying theory (graph
theory, solution complexity, etc.).

1990 -2000

First over-the-cell routing, first 3D and multilayer placement and
routing techniques developed. Automated circuit synthesis and
routability-oriented design become dominant. Start of parallelizing
workloads. Emergence of physical synthesis.

2000 - now

Design for Manufacturability (DFM), optical proximity correction
(OPC), and other techniques emerge at the design-manufacturing
interface. Increased reusability of blocks, including intellectual
property (IP) blocks.
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