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Instructors

« Time

— Lecture: Tuesday 14:00 to 15:00

— Lab: Tuesday 15:00~17:30, Friday 14:00~17:30
* Lecturer

— Assist. Prof. Jian Zhao (#{i£) & Prof. Guoxing Wang

— School of Microelectronics, Room 427

— zhaojianycc@sjtu.edu.cn
« TA: Eng. Luo Jing

— School of Microelectronics, Room 404.

— luojing@sjtu.edu.cn
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Syllabus

_1: Introduction

_2: Process, Active & Passive Components
_3: Process variation & Matching Issues

_4: Parasitic Effects

_5: Noise & Shield

| 6: Fallure Mechanism & DFM

_7: Floor planning & Package

_8: Layout of Amplifiers & Data Converters
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Grade

- Home work assignments : 40% (10+15+15)
- Class performance: 20% (10% for attendance)
- One project : 40%

No copy from others! ‘

Students are encouraged to provide
feedbacks after each course~

Website of this module Is in progress...
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Textbook & Materials

PN PROFESSIONAL
MeGraw-Hill ETHSIEErean

PP BRI £ A

(% M)

I C The Mi of Analog Layout
Mask Design

ESSENTIAL
LAYOUT TECHNIQUES

Christopher Saint / Judy Saint

IC Mask Design Essential Layout Techniques,  The Art of Analog Layout,
Christopher Saint, et al., Alan Hastings,
McGraw Hill, 2002 Pearson Education, 2006
[1] Layout of Analog CMOS Integrated Circuits, Franco Malberti.

[2] CMOS Transistor Layout KungFu , Lee Eng Han, 2005.
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Outline of lecture 1 & 2

Introduction of Analog Layout

CMOS process brief

Design rules

Basic cells layout

Design flow of Analog layout (DRC, LVS, PEX)
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|IC-connecting billions of transistors

 Millions of transistors are e
made ﬂ

" e ~ 3
- They are connected W "'a )
through layers of metals R aa T

e
SO

-M.__

Polysilicon

Layout in Analog Integrated Circuits Slide 7




« Designer have to provide layout info. to foundry

What is the role of layout

Instead of schematic.

_{“‘j UUX Jedele >

lszc 320 16xC, [4xC, [2xC, |C, |C,

Vou o311 11 I 111 11 T”
| | |

Vrel M ©
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Vrel Com °

{./"

Layout deS|g
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1 IC Fabrication

Wafer
(hundreds of dies)

Sawing & Packaging
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customers
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What is the role of layout

* Important role between circuit design & fabrication
1. Fabrlcatlon (%J %) LZ chmg (%J}#)

Layout in Analog Integrated Circuits Slide 9



What is layout?

« Layout = Manufactural design language

SiO2
n+ diffusion
p+ diffusion
polysilicon
p substrate el
nMOS/ transistor pMOS tra/nsistor
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« Layout = Manufactural design language

GND

What is layout?

Y Voo
i e NN M L i
A VT N SIS LSS
Vs Vs b VIS 2SS
\ n well /
p substrate /

\

substrate tap

wel

tap
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What is layout?

A 3-D view of CMOS transistors with metals

| | 1 | Extremely clear 3-d illustration of CMOS process
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What is layout?

« Layout = Manufactural design language

nMOS transistor pMOQOS transistor
substrate tap well tap

GND Q—i Y j—l Voo 5
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Mask to layout

« Layout design = Mask design
* Foundry requires geometry info.

L S S e e S ]
L N
Y

SRR m

AN
I []

p- Epi Layer

‘Top View‘

‘Cross—section view‘

- - Masks |-

Layout in Analog Integrated Circuits Slide 14




Why layout Is so important?

* Direct related to COST!
— Area (cost)
— Yield (robustness) E&4%

* Imperfections (precision)
— Process variations (matching, design rules)

— Parasitic effects (shield, floor plan)
— Temperature gradient (matching, floor plan)

Layout determines almost everything!
Cost, Precision, Robustness...
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SumEIing clock f
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00— S&H SAR logic
N, «—»
( DAC j¢—4——0
LG 1 1 L Lo

EDA for ADC
(tREGEIRET)

VYRR AL i

Automated

>

« Layout Is key step towards real chip
« Layout is fundamental knowledge for EDA

Why layout Is so important?

l DAC

apacnor I)rn cr-l

LU'
Ii

-
1

Automatic layout generation

&

EDA for DAC

TRALIRER)
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Outline of lecture 1 & 2

Introduction of Analog Layout

CMOS process brief

Design rules

Basic cells layout

Design flow of Analog layout (DRC, LVS, PEX)
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IC Fabrication Process -Example

Starting from Layout
of a single NMOS

Completed MOSFET

Cross-section of the
finished NMOS

Gate
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|IC Fabrication Process -a Glance (0)

* Photoresist is a light-sensitive organic polymer
« Softens where exposed to UV light

LTI v

n-well mask
(top-view)

........................................................ R .1 Photoresist

e e e e e L B e e s Si02

p substrate
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(irdR) (F64l)

Deposition -> lithography -> etching

|IC Fabrication Process -a Glance (1)

(HEtER)
(Zl)

Mask & Patterning

(Elfz1t)

Silicon

Silicon Dioxide

| Light can be precisely controlled! i |

Etched Oxide

Removed
Photoresist

Liquid is more destructive but uncontrollable! @

Photoresist
(X2 &)
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Lithography (&%)
I 2= 0smm

s <—Photo Mask

Water
A= 136 nin
Photoremst

4— Wafer —>

Wet

thhography

Lithography
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|IC Fabrication Process -a Glance (2)

Deposition -> lithography -> etching (poly)

Develop Photoresist

Gate Oxide

“ F Etch Polysilicon -

Remove
Photoresist
I

https://www.ece.ucdavis.edu/~bower/mosfetdetail .htm
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|IC Fabrication Process -a Glance (3)

Deposition -> lithography -> etching (diffusion & oxide)

Develop Photoresist
Etch LTO

- £ D /™

Remove Photoresist

TN B,

Deposit Low Temperature Dxide

Apply Photoresist

"™
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|IC Fabrication Process -a Glance (4)

Deposition -> lithography -> etching (metal)

Etch Metal

g g —

Apply Photoresist Remove Photoresist

T\

Develop Photoresist Completed MOSFET

Deposit Metal
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|IC Fabrication Process -a Glance (5)

« Contact, Via and Metal are formed in the same way
(M=) (ZFL)

Metal 2

More
Oxide

Metal 1

Thick
Field
Oxide

p substrate
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Outline of lecture 1 & 2

Introduction of Analog Layout

CMOS process brief

Design rules

Basic cells layout

Design flow of Analog layout (DRC, LVS, PEX)
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Design Rules
 Design rules are a set of contracts between the circuit
designers and process engineers
* Four categories of Design Rules:
— C1: Unit dimension: Minimum line width
 Scalable design rules: lambda parameter
« Absolute dimensions (micron rules)
— C2: Intra-Layer rules
« Width and spacing
— C3: Inter-Layer rules
* Enclosures and overlaps
— C4: Special rules
« Antenna rules, area, density rules
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Why we need design rules?

» Defects, Impurities/dust particles
* Imperfections in photoresist / mask

B

| Ideal case | Practical case
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Why we need design rules?

* Prevent mask from interference

‘The outline of mask will be larger than the original shape!

\_r (drawn)

Iy
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Intra-layer rules
* Minimum width
— Defines the resolution of technology
— Potential open circuits or fusing
* Minimum spacing rule
— Avoid unwanted short circuit

Process variations

Minimum ACTIVE

Minimum
AREA
size rule

Layout in Analog Integrated Circuits
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Intra-layer rules
* Minimum width
— Defines the resolution of technology
— Potential open circuits or fusing
* Minimum spacing rule
— Avoid unwanted short circuit

Process variations ~ Poly Line *

- -

z L j
.:‘ wag - ) 31 L"—-_
e CEEET YT T L R *
W o-H° -y ‘..I. = “-"_ r’ W .—" ¢ “_ a®

SN n* Implant

Beeemicncracdl
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Inter-layer rules (anti-misalignment)
« Extension Rule (= {¢ #,7)

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

 Overlap rule (£ &#m.1)
» Enclosure rule (@ #.7)

X1 Extension ensure proper
AA Cross Section action at the edge

7

Gate Oxide

FOX

Layout in Analog Integrated Circuits Slide 32




Inter-layer rules

« Minimum Extension Rule
* Overlap rule

* Enclosure rule
— guarantee the contact/via area

extension

<
~

overlap enclosure
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Design rules in a practical process

Design grid is 0.25um x 0.25um

N-well width >= Bum
N-well spacing and notch >= Bum

MK N =O

CASAD width >= 2um

GASAD spacing and notch >= 4um

N-well enclosure of P-plus active >= Sum
N-well spacina to M-plus active >= S5um

Poly0 width >= 2.5 ym | \

Poly0 width >= 2.5up

w

Polyl enclosure of Contact >= 1.25 pum

[ARTY 5Y FNFICRY PR Y

Poly0 spacing and notch >= 6Gum
Poly0 spacing to GASAD >= Gum

W
-
oo
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Polyl width inside GASAD >= 3um
Polyl width outside GASAD >= 2.5um
Polyl spacing and notch >= 3um
CASAD extemsion of Polyl >= 3um
Polyl extension of GASAD >= 2.5um
Polyl spacing to GASAD >= 1.25um
Poly0 enclosure of Polyl >= 3um

N-plus enclosure of GASAD >= 2.5um

N-plus spacing to P-plus active >= 2.5um

N-plus spacing to Polyl inside P-plus active >= Zum
N-plus extension of Polyl imside N-plus active >= 1.5um
N-plus width >= 2.5um

N-plus apacin§ and notch >= 2.5um

Exact contact size = 2.5um x 2.5um
Contact spacing >= 3um
GASAD enclosure of Contact >= lum

Polyl enclosure of Contact >= 1.25um

ool oo s w e o e

o
o

Polyl Contact spacing to GASAD >= 2.5um
Contact spacing to Polyl inside GASAD >= 2um
Poly0 enclosure of Contact >= 4um

Contact spacing to Polyl & Poly0 >= 4um

Metall width >= 2.5um
Metall spacing and notch >= 3um
Metall enclosure of Contact >= 1.25um

Exact via size = 3um x 3um

Via spacing >= 3.5um

Metall enclosure of Via >= 1.25um
Via spacing to Contact >= 2.5um
Via spacing to Polyl >= 2.5um

OODWWWWWH%HPQGQGQQQMUUULﬂl.ﬂrh-hnhnh-h-

AR T RN A I

Metal2 width >= 3.5um
Metal2 spacing and notch >= 3.5um
Metal2 enclosure of Via >= 1.25um

H
o
L

Exact passivation window size = 100um x 100um
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Legend:

Design rules in a practical process

Design grid is 0.25um x 0.25um

[ silicon (5i) [n-51 [ p-5i
l Polysilicon (Poly-5i)
[ Undoped silicon glass (USG, Si0.)
[ Silicen dioxide [TEOS sxide, Si0.)
I Cobzle disilicds [CaSi)
D Spin-on dielectric (S0D)
[ Phosphor-silicate glass (PSG)

lead-free

licon carhide (SIC)
solder bump

Cr, Cu and Au liners
A

back-end /
”Advanced Packaging"

N-well width >= Bum
N-well spacing and notch >= Bum

CASAD width >= 2um

GASAD spacing and notch >= 4um

N-well enclosure of P-plus active >= Sum
N-well spac to N-plus active >= Sum

W W WK = =O
WK o= W =N =O

o

EI Front-end of line

FEOL—

-
oo

il AR T2

Fo

CASAD extemsion of Polyl >=

Polyl extension of GASAD >= 2.5ul
Polyl spacing to GASAD >= 1.25um
Poly0 enclosure of Polyl >= 3um

Ta/TaM barrier layer SiC etch stop layer

BEOL

front-end

Layout in Analog Integrated Circuits

(S = B = RS R I R R R
Ol W = e W N

- RN

o
o

N-plus enclosure of GASAD >= 2.5um
N-plus spacing to P-plus active >= 2.5um
N-plus spacing to Polyl inside P-plus active >= Zum

N-plus extension of Polyl imside N-plus active >= 1.5um

N-plus width >= 2.5um
N-plus spacing and notch >= 2.5um

act conta = Z2.0um x
Contact spacing >= 3um
GASAD enclosure of Contact >= lum

Polyl enclosure of Contact >= 1.25um

Polyl Contact spacing to GASAD >= 2.5um
Contact spacing to Polyl inside GASAD >= 2um
Poly0 enclosure of Contact >= 4um

Contact spacing to Polyl & Poly0 >= 4um

BEOL =

Me >=

| Back-end of line
. RinLZ

Vi
Via spacing to Polyl >= 2.5um

AR T RN A I

Metal2 width >= 3.5um
Metal2 spacing and notch >= 3.5um
Metal2 enclosure of Via >= 1.250um

Bleeveoweowolvt oo aa

-

Exact passivation window size = 100um x 100um
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Complexity of the design rules

* More design rules refer to the process document.

200
180
»n 160
2
5 140
14

More rules
More complex

Process Node ®m No. of Design Rules
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Outline of lecture 1 & 2

Introduction of Analog Layout

CMOS process brief

Design rules

Basic cells layout

Design flow of Analog layout (DRC, LVS, PEX)
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Layout of Basic Cells

« Layout of Transistors

« Layout of Resistors
— Categories of resistors
— Layout of resistors

« Layout of Capacitors

— Categories of resistors
— Layout of resistors
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Layout of transistors

« Parasitic parameters in transistors w./ large W/L

W

P

« Large area leads to large parasitic

D [ o I ; P . "
2 DA N

CIGD_‘ __Tna ‘-' KI .
G o—t t B e
F——
Cas ‘-;-'sn
& &GB

P BIFR

Process dependent! Gain, GBW...
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Layout of transistors

* Multi-finger approaches to reduce parasitic para.
W

S

C ISB . C IDB
D
W2 W/3

1 .
Cgp = 5 CpgsCpp = Cpp D

How to reduce parasitic cap under same process?
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Concept of CMOS Resistors

« Which shape has larger resistance?
« Unit of CMOS resistor: Ohm/square or Ohm/C

polysilicon

{2l ]4]s}

R=L/W*R =N *R

square™ ' Vsquare '‘square
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Categories of Resistors

o Diffused Resistances
— diffused area, p*, p7, n*, n

el
. pt ; Er‘
T

n-well A

 Polysilicon Resistances

poiystlican

 Well Resistances

Layout in Analog Integrated Circuits Slide 42



Layout of resistors

« Accuracy of Resistors

— Suffer from process, temperature & voltage variation

Type Sheet Accuracy | Temperature

of layer Resistance Coefficient
Q/0 % ppm/°C

Voltage

Coefficient
ppm/V

n + diff 30 - 50 20 -40 200 - 1K

50 - 300

p + diff 50 -150 20 -40 200 - 1K

50 - 300

n - well 2K - 4K 15-30 5K

10K

p - well 3K-6K 15-30 5K

10K

pinched n-well| 6K-10K | 25-40 10K

20K

pinched p - well | 9K - 13K 25-40 10K

20K

first poly 20 -40 25-40 500 - 1500

20 - 200

second poly 15-40 25 -40 500 - 1500

Layout in Analog Integrated Circuits

20 - 200
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Intrinsic errors of CMQOS resistors

e Contact resistance
 Parasitic capacitors in CMOS resistor

Metal Insulator Metal

FaN
i % // N,
|;\\\\\\\\ \\\\\\\\\\\\\\\\\“;'

L

V4

L

R =2R_ +W

R

Layout in Analog Integrated Circuits
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Intrinsic errors of CMQOS resistors

e Contact resistance
 Parasitic capacitors in CMOS resistor

Field D}tl-dlE T1 Pﬂl? T2 sited

oxjde (ILO)
\ /
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What is Capacitors

Model for capacitors.

C =¢pe, WL/E,,

& relative permittivity
WL: area of overlapping region
t,,: thickness of overlapping region

Layout in Analog Integrated Circuits
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Non-CMOS (discrete) capacitors

« Multi-laver ceramic cap ((82HE=R
y - - P (B?:HW‘%‘): E0&r WL/tox
« Electrolytic capacitor (EBf2EER)

Lead wire

Aluminum foil (bottom surface is anode)

Capacitor element Separator (electrolyte paper)

Relative permittivity 10~100 ‘
‘Typical value: 1pF (1012) ~ 100 puF (10-4)!!! ‘
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CMOS capacitors

* Drawbacks C =¢epe WL/t
— Low permittivity
— Limited stack layers (<3)
— Extra-tech to reduce t_,

X-Fab Process:
tox ma-ms=890 NM

S10, Dry Oxide 3.9
S10, Plasma 4.9
S13N, LPCVD 6-7
S13N, Plasma 6-9
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Different categories of Cap.

 How to form a parallel plate metals in CMOS?

Poly 2 N Bottom Plate Top Plate Bottom Plate
Poly 1 o <4 Thermal Oxide

Electrode Il

N\ N\
Via Ox M4
Poly cap. MIM cap. MOM cap.
Metal-Insulator-Metal Metal-Oxide-Metal

X-Fab Process: |

polycap MIMcap MOM cap
Cap density (fF/um?2) 0.85 1.25 0.31
Thickness (nm) 41 52 260

| Typical value: 10 fF (10-4) ~ 100 pF (10-%) |
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Different categories of Cap.

 How to form a parallel plate metals in CMOS?

Poly 2 N Bottom Plate Top Plate Bottom Plate
Poly 1 o <4 Thermal Oxide

Metal 1
Contact

ILD

| susa

Poly cap. MIM cap. MOM cap.
Metal-Insulator-Metal Metal-Oxide-Metal
‘ Trade-off ‘ polycap MIMcap MOM cap
Extra layer? (Cost) Yes Yes No
Density (Area) High High Low

| Typical value: 10 fF (10-4) ~ 100 pF (10-%) |
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Multi-layer capacitors in CMOS
* Multi-layer tech in MIM and MOM caps.

| MET5/METTP | |MET5/METTP|
VIAG / . I
VIATP CAPM3 F
MET4 g >
i

L 1A ld L] II L
) - - [+

— |~

VIA3 .l:/.lll-.l:/.l: .-I
'4- Ir./. I,.:I
TAA A

CAPM3

MET3

~ cammz | V%

VIAZ, VIA3, VIA4 | VIATP
VIAZ,
VIA3, -3
VIA4 /
VIATP Nl
| CAEMS VIAZ, VIA3, VIA4 /| VIATP
MET 3,
METS / METZ2, MET4
METTP
Multi-layer MIM Multi-layer MOM
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Intrinsic errors in CMOS cap.

* Plate-substrate parasitic effect (&)
° Frlnged effeCt (jlj_g%&&m) diffusion poly-poly or poly-metal

C,, | 0.05C 0.02C
Cpi 0.01C 0.005C
Poly-poly capacitor Poly-diffusion capacitor
TOP PLATE \% N NN
"\\\\ \
BOTTOM PLATE
%\ BO’I'TOM PLATE
Substrate
Substrate
I
Bottom O—# 1 ®—CTop
—¢C,5 ==Cp: Modelincluding
parasitic cap.
Substrate —® *
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Intrinsic errors in CMOS cap.

* Plate-substrate parasitic effect (FF438hY)
* Fringed effect (HZI)

E‘DE

= g - WL |Ideal case
— to | |
’; (D) [Froctca coce]
Fringing/
‘10~20% variation!‘
C = €y, (W=t NL-t,) +Cfringe

t

ox
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Outline of lecture 1 & 2

 Introduction of Analog Layout

« CMOS process brief

* Design rules

 Basic cells layout

« Design flow of Analog layout (DRC, LVS, PEX)
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Layout design flow

« DRC = | =
. Glade
— Design rule check N ,
design SpiceOpus '
e VS )
: | Giade e 1 R
— Layout vs. Schematic 1 = oo
1
* PEX i Layout
— Parasitic extraction eda ™™ =~ — design
“'I — flow
: SpiceOpus
1
1

prototype
samples

Semiconductor
Foundry
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summary

Introduction of layout
— What is layout? Why we need layout?

CMOS process brief

Introduction of design rules
— Intra layer rules; Inter layer rules

Layout of basic cells
— Active (Transistor), Passive (Resistor, Capacitor)

Layout design flow
— Layout, DRC, LVS, PEX
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