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Introduction to Integrated Heterogeneous Systems

Moore's Law

A Number of transistors
per chip doubles every
24 months
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Gordon E. Moore

Cramming More Components onto Integrated Circuits
Electronics Magazine, 38(8):114-117, Apr 1965

doi.org/10.1109/N-SSC.2006.4785860

Plot built from tabulated data available in
wikipedia.org/wiki/Transistor_count
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Transistor Count
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Technology nodes

2006 2008 2010
65nm 45nm 32nm

Moore's Law /2

A Number of transistors
per chip doubles every

Front-end
24 months of line
(FEOL)
A Thanks to scaling, not at
chip (yield!), but at GEN1 GEN?2 GEN1 GEN2
transistor (litho) level SiGe-strained High-k
Silicon metal gate

Typ. reticle size
Low-resistance layer

1.2-nm SiO2 dielectric

) Work-function metal
(5 atomic layers!)

] _ _ intel.com
3nm-Hafnium dielectric

Silicon substrate

25mm 625mm>

Silicon Substrate

25mm
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Technology nodes

2006 2008 2010
65nm 45nm 32nm

Moore's Law /2

A Number of transistors
per chip doubles every

Front-end
24 months of line
(FEOL)
A Thanks to scaling, not at
chip (yield!), but at GEN1 GEN?2 GEN1 GEN2
transistor (litho) level SiGe-strained High-k
Silicon metal gate

Typ. reticle size
Low-resistance layer

1.2-nm SiOQIdieIectric ‘ Work-function metal
(5 atomic layers!) intel.com
3nm-Hafnium dielectric
2 ST .
25mm 625mm BTN A Silicon substrate
25mm
| Back-end
of line
(BEOL)

9M, low-k, Cu
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More Moore

A Number of transistors
per chip doubles every
24 months

A Thanks to scaling, not at
chip (yield!), but at
transistor (litho) level

Planar FET

Samuel K. Moore

Intel’s Stacked Nanosheet Transistors
Could Be the Next Step in Moore's Law ; Ad I
IEEE Spectrum, Dec 2020 P p— nﬂ g

spectrum.ieee.org
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Technology nodes

2012 2014 2016
22nm 14nm 10nm

2018 2020
nm 5nm

>10M, ultra low-

Integrated Heterogeneous Systems Design

k

tsmc.com
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Future 3D technologies
More Moore

Potential roadmap extension

A Number of transistors 2022 2024 2026 2028 2030 2032
per chip doubles every v 2 D Al aoh a7 B
24 months " |
Continued dimensional scaling
A Thanks to scaling, not at et g . . . .
chip (yield!), but at
transistor (||tho) level e ! ) : : Device and material innovations

W W E "

FinFET FinFET FinFET GAA (c7.V. (cV.V.\ GAA CFET CFET CFET

Nanosheet Nanosheet Forksheet Forksheet Atomic

T et

Context-aware interconnect

-
W‘sr;

o

Luc Van den hove
20-Year Semiconductor Roadmap: Tearing Down the Walls
IMEC International Technology Forum, July 2022

Gwendolyn Rak imec-int.com

Intel Hopes to Leapfrog Its Competitors
IEEE Spectrum, Jan 2024
spectrum.ieee.org

Integrated Heterogeneous Systems Design = F. Serra Graells


https://spectrum.ieee.org/intel-20a
https://www.imec-int.com/en/articles/20-year-roadmap-tearing-down-walls

Introduction to Integrated Heterogeneous Systems CMOS Design-Trends Conversion-Basics ADC/DAC-FoM Lab

More Moore c00 intel.com fsscc.org
N 1 s
1 N *
S L0 | 2mm[11] —& T let sl
. = 400 - - = —‘3‘003 e
A Number of transistors - | 45 nm [8] » = PO s AR s e
) - ] e~ ! I T I 2 SRR UK S IR iy SR
per chip doubles every g 300 | Sanmi3l e £ PR DT PN &
] ey . ¢+ 3
24 months @  ]90mm[2] A N o1y :
o 200 ’2( & - 0 0‘,»0
] = | o6  '09ITRS R ) 7 o SRR B PSR R S N R S
A Thanks to scaling, not at = a0 S |.
. . (@] . 7
chip (yield!), but at & 071TRS o
tranSiStor (litho) Ievel ~ 0 0 - 0 :O.II o '0 ;02' o '0 :03I - 0 04 1!1)992 1994 1996 1598 2000 2002 2004 2006 2008 2010 20I12 2014 2016
. 1/Lg (nm-1)
A Cut-off frequency increases,
but not exploited due to RF and wavelength
power limitations — parallelism irds.ieee.org . Zhang et al. (2022)
= 250| = 1¢ A
€ % 5V 5V
§ 200 - 1.25 GHz g 4
° S
£ 150 - 2.1 GHz S 3 3.3V
2 6 GHz 2] 0.25um
S s, - 1 4 14nm 5pm
& 501 (20 mm x 20 mm Die) 13V 4y
0 0.8V 0.65v
s 2000 2005 2010 2015 1970 1980 1990 2000 2010 2020
Year Year

UAB Integrated Heterogeneous Systems Design = F. Serra Graells



https://www.intel.com
https://www.issc.org
https://irds.ieee.org
https://doi.org/10.3390/electronics11091420

Introduction to Integrated Heterogeneous Systems CMQOS 10/148

More Moore +50% &

X2 die/waferﬂ

A Number of transistors
per chip doubles every

24 months gn
6" 200mm
4" 150mm
A Thanks to scaling, not at o 100mm
. . | 50mm

§h|p -(};Ieldo)-lchbu)t lat | 1970 1975 1980 1991 2001 2027

ransistor (litho) leve
A Cut-off frequency increases, A intel.com

but not exploited due to RF and
power limitations — parallelism

A Cost/transistor
improved also due to $ / Transistor
. . (relative to 0.35um)
wafer scaling (capacity)

.35um .25um .18um .13um 90nm 65nm 45nm 32nm 22nm 14nm 10nm
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1 apple.com

More Moore

A Number of transistors
per chip doubles every
24 months

A Thanks to scaling, not at
chip (yield!), but at
transistor (litho) level

A Cut-off frequency increases,
but not exploited due to RF and
power limitations — parallelism

A Cost/transistor
improved also due to
wafer scaling (capacity)

V¥ Small is beautiful, but what to do
with so many, inexpensive and

super fast devices? in 15-metal 3-nm FinFET TSMC technology featuring 92 billion transistors
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More than Moore

Diversification of
technology applications

A Ubiquitous computing

A Not only signal
processing but:
Smart sensing
Wireless communications
Power control

A Multi-domain
integrated systems:
Physics
Chemistry
Biology
Medicine

UAB
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More than Moore

Diversification of
technology applications

A Ubiquitous computing

A Not only signal
processing but:
Smart sensing
Wireless communications
Power control

A Multi-domain
integrated systems:
Physics
Chemistry
Biology
Medicine

UAB

More Moore: Miniaturization

More than Moore: Diversification
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E 65nm
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g 22nm
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CMOS technologies with extra process modules

V¥ New challenges (beside miniaturization):

13/148

Hetereogeneous circuit design (A/D/RF/MEMS /power...)

Application-specific packaging
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Silicon Wafer

Polished monocrystalline slice

Periodic atomic lattice Flat side

‘ {100}

<110> )
S— (111) plane
X
~5A lattice spacing _ _ ] .
CMOQOS technologies Bipolar technologies Doping type

Crystalline plane
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Silicon Wafer

Polished monocrystalline slice
Periodic atomic lattice Flat side

Obtained from cylindrical ingots

ol

—

- . =
Melting of Introduction Beginning of Crystal Formed crystal
polysilicon of the seed the crystal pulling at (1m to 2m)
at 1425°C crystal growth 25mm/h  with a residue

(99.9999999% purity) of melted silicon

Czochralski method

Integrated Heterogeneous Systems Design = F. Serra Graells



Introduction to Integrated Heterogeneous Systems CMOS Design-Trends Conversion-Basics ADC/DAC-FoM 16/148

Silicon Wafer
Polished monocrystalline slice
Periodic atomic lattice Flat side

Obtained from cylindrical ingots

200-pm to 750-um thicknesss
Grinding, 5|icing and pohshmg Bulk, epitaxial, Silicon-on-insulator (SOI)

Diameter grinding Flat grinding Wafer slicing

—
>

Edge rounding Two-side lapping Chemical etching Surface polishing
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Wafer Processing

Patterning areas

using photolithography Resist coat +— Resist

¥~ Substrate

\\\l//
///l\\

\\
—=

———am———w — Mask

Exposure

Positive tcv)ne/' ‘\Ne:gative tone

Develop H E
l |
Processing (e.g. etching) e e

| |

Resist strip [— —T] = = 5
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Wafer Processing

Patterning areas UV Light/Laser
using photolithography

Resist Mask

J T

666206

1. Vapor prime 2. Spin coat 3. Soft bake 4. Alignment
and exposure

hY

5. Post-expsure bake 6. Develop 7. Hard bake 8. Inspection
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Wafer Processing

Patterning areas

using photolithography

Light source

v

A4

 ——

Lenses

Mask

.

v /

’_—_|

Wafer }

Photoresist

Contact

A Simple equipment
V¥ Limited mask lifetime

UAB
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=

L 5:1 shrinking
A 4 - - - A 4 \_ puy
10pm
Proximity Scanning projection
A No direct contact A High resolution
V¥V Resolution >3pm V¥V Expensive and slower
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Wafer Processing

Patterning areas

Light
using photolithography ight Source

Reference Mark

L e

Stepper equipment
s
~3  Alignment Laser

Reticle Stage

Reticle

Interferometer
Laser

—

Projection Lens

SiE=

X
——

Wafer \

N

Interferometer

/ e
Wafer Stage
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Wafer Processing

Patterning areas
using photolithography

UV Light source Name Wavelength (nm) Appliscizzlg((): IIfle)ature
G-line 436 0.50
Mercury Lamp H-line 405
I-line 365 0.35t0 0.25
XeF 351
XeCl 308
Excimer Laser KrF (DUV) 248 0.25to 0.15
ArF 193 0.18t0 0.13
Fluorine Laser F, 157 0.13t0 0.1
124 '
10 EUV
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Introduction to Integrated Heterogeneous Systems

Wafer Processing Channeling

Patterning areas
using photolithography T_\& X .

Adding materials:
lon implantation

2| z z
A Depth control 2| ¢ 3 2 2
[0 N . [ [0
Qs : o a

V Lattice damage

Depth

Depth Depth

Neutral XS& X,

0-200keV

+ —t
* —@— Focus

\Accelerator

Resolving
Aperature

Neutral
Beam Gate

- = = V Lateral effect V¥ Shadowing

Faraday Cup
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Wafer Processing

Patterning areas

CMOS Design-Trends Conversion-Basics ADC/DAC-FoM Lab

Doping applications

1017
using photolithography :
Adding materials: oled

lon implantation -

10157

LELLRARA

T

T

DOSE (atoms/cm?)
o
N
T llll;

|0I3—

LLARS

L

1012

LA

Bonded wafer splitting
for silicon on insulator +—

(H, He)

Polysilicon
doping (As, B)

Source—drain
contact

(As, BF,, B)

Source—drain
extension

(As, BF,, B)

punch-through
(As, B, In, Sb

Bipolar buried
subcollector (P, As)

Preamorphization /Latch-up/
(Ge, Si) 7 |electrostatic

\ discharge
protection
B)

Channel engineering
(As, BFy, B B, In, Sb)

Threshold

CMOS
retrograde
wells

(RB, As)

Noise isolation
wells (P B)

voltage adjust
(As, BFy, B, P In)

Charge-coupled
device wells (B)

|0II
0.1

UAB

1 llJllll{ llllll: 1 IIlIlll}

| 10 100
ENERGY (keV)

1 llllllli | .

1,000 10,000
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Wafer Processing » OF e.g. Si doping (hours, 800°C to 1200°C)
DOPANT. =+ - " _mask

Patterning areas

fnc
using photolithography

Adding materials: Diffusion profile

lon implantation

X
Diffusion 10_ T T T TTTT T T T TTTT
Thin-film growing
Thin-film deposition .
. . . ° o 2 1.0 =
e.g. SiO, oxidation (hours, 700°C to 1200°C) -
i 0
£
Quartz tube o) r
=
2
Si wafers h3
© 0.1 -
o “ ;
o o :
Flow 1
controller (100) |
L
\
0, N, H,0 Resistance-heated furnace 0-010'1 — I”i{O — HHIIO - "'1'00

Oxidation time (h)
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Wafer Processing

Diffusion O O ~ 0%, @ Diffusion

. Copo s Reaction
Patterning areas Reactants_ _ _ _~ < _ _ _____ ®_@._

9]0 L ) Products

using photolithography
Boundary

Adding materials: Layer A Material selectivity

V¥ Undercut

lon implantation
Diffusion

Thin-film growing q F Photoresist
Film

Thin-film deposition

Substrate
Removing materials: Anisotropic Isotropic
Cleaning (dry etching) (wet chemical etching)
Etching

e.g. physical/chemical
reactive ion etching (RIE) T
. .. 2R ‘ ‘1 ; ; i

LB 5L
10.0kV 11.1mm x300 SE(M) 6/11/01 11:21 100um
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Wafer Processing

Pressure Slurry Dispenser
P . l Membrane !
atterning areas Wat Wafer Holder | @
ing photolithograph TS ningRing| )
using pno grapny Retaining Ring! Slurry
. — -
Adding materials: 2222787727772 . ‘
_ ) Polishing Pad i
lon implantation 5
. . Platen |
Diffusion
(e

Thin-film growing !
Thin-film deposition

Removing materials:
Cleaning
Etching

Chemical-mechanical
planarization (CMP)

Thermal treatment:

Annealing
Reflowing &€ 1Bku
Alloying e.g. 6-metal 0.18uym BEOL
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CNM25 Technology Example

2.5-pm polySi-insulator-polySi (PiP) 1M twin-well CMOS process:

4-inch wafers

22-mm x 22-mm (484mm?) stepper reticle

8-mask layout design NTUB

FEOL stages:
N and P wells

Photoresist
Initial pad oxidation (314A to 415A)

Nitride deposition (1050A to 1300A)
NTUB photolithography

SiO,

Si;N
o M. Zabala and A. Sanchez, IMB-CNM(CSIC)
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CNM25 Technology Example

2.5-pm polySi-insulator-polySi (PiP) 1M twin-well CMOS process:

4-inch wafers

22-mm x 22-mm (484mm?) stepper reticle

8-mask layout design

FEOL stages:
N and P wells

T s

N-well implantation

Si

M. Zabala and A. Sanchez, IMB-CNM(CSIC)
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CNM25 Technology Example

2.5-pm polySi-insulator-polySi (PiP) 1M twin-well CMOS process:

4-inch wafers

22-mm x 22-mm (484mm?) stepper reticle

8-mask layout design

FEOL stages:
N and P wells

T s o 0 50

ﬂ P-well imp|antation

Si0,

M. Zabala and A. Sanchez, IMB-CNM(CSIC)
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CNM25 Technology Example

2.5-pm polySi-insulator-polySi (PiP) 1M twin-well CMOS process:

4-inch wafers

22-mm x 22-mm (484mm?) stepper reticle

8-mask layout design

FEOL stages:
N and P wells

Oxide stripping
P-well (7pm) N-well (5um) drive-in
and oxide grow (1500A to 1750A)
Si Prwell N-well Oxide stripping

—

M. Zabala and A. Sanchez, IMB-CNM(CSIC)
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CNM25 Technology Example

2.5-pm polySi-insulator-polySi (PiP) 1M twin-well CMOS process:

4-inch wafers

22-mm x 22-mm (484mm?) stepper reticle

8-mask layout design

GASAD

FEOL stages:
N and P wells

Active areas TR [T - """"

Pad oxidation (150A to 225A)
Nitride deposition (1050A to 1300A)
GASAD photolithography

Si;N
S M. Zabala and A. Sanchez, IMB-CNM(CSIC)
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CNM25 Technology Example

2.5-pm polySi-insulator-polySi (PiP) 1M twin-well CMOS process:

4-inch wafers
22-mm x 22-mm (484mm?) stepper reticle

8-mask layout design

FEOL stages:
N and P wells

v S

Nitride etching
Field implantation

isN
SisNs M. Zabala and A. Sinchez, IMB-CNM(CSIC)
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CNM25 Technology Example

2.5-pm polySi-insulator-polySi (PiP) 1M twin-well CMOS process:

4-inch wafers
22-mm x 22-mm (484mm?) stepper reticle

8-mask layout design

FEOL stages:
N and P wells

v S

LOCOS™ (10000A to 11200A)
Nitride etching

M. Zabala and A. Sanchez, IMB-CNM(CSIC)
"LOCal Oxidation of Silicon
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CNM25 Technology Example

2.5-pm polySi-insulator-polySi (PiP) 1M twin-well CMOS process:

4-inch wafers
22-mm x 22-mm (484mm?) stepper reticle

8-mask layout design

FEOL stages:
N and P wells

v S

Sacrifitial oxidation (850A to 1050A)
Gate implantation
Pre-poly cleaning

M. Zabala and A. Sanchez, IMB-CNM(CSIC)
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CNM25 Technology Example

2.5-pm polySi-insulator-polySi (PiP) 1M twin-well CMOS process:

4-inch wafers
22-mm x 22-mm (484mm?) stepper reticle

8-mask layout design

FEOL stages:
N and P wells

v S

PiP capacitor

(PoCI) (POCI,) (POCL) (POCI,) (POCK) (POCK) (POCI,) (POCK)

IR T T T T

PolySi deposition
(3200A to 3800A)
N-type doping

PolySi M. Zabala and A. Sanchez, IMB-CNM(CSIC)
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CNM25 Technology Example

2.5-pm polySi-insulator-polySi (PiP) 1M twin-well CMOS process:
4-inch wafers
22-mm x 22-mm (484mm?) stepper reticle

8-mask layout design POLYO

FEOL stages:
N and P wells

v S -

PiP capacitor

POLYQO photolithography

PolySi M. Zabala and A. Sanchez, IMB-CNM(CSIC)

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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CNM25 Technology Example

2.5-pm polySi-insulator-polySi (PiP) 1M twin-well CMOS process:

4-inch wafers
22-mm x 22-mm (484mm?) stepper reticle

8-mask layout design

FEOL stages:
N and P wells

v S -

PiP capacitor

PolySi etching
Sacrifitial oxide stripping

PolySi M. Zabala and A. Sanchez, IMB-CNM(CSIC)
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CNM25 Technology Example

2.5-pm polySi-insulator-polySi (PiP) 1M twin-well CMOS process:

4-inch wafers
22-mm x 22-mm (484mm?) stepper reticle

8-mask layout design

FEOL stages:
N and P wells

v S -

PiP capacitor
MOS gate

Gate-oxide growing (340A to 390A)

M. Zabala and A. Sanchez, IMB-CNM(CSIC)
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CNM25 Technology Example

2.5-pm polySi-insulator-polySi (PiP) 1M twin-well CMOS process:

4-inch wafers
22-mm x 22-mm (484mm?) stepper reticle

8-mask layout design

POLY1

FEOL stages:

N and P wells
Active areas

PiP capacitor
MOS gate

PolySi deposition (4500A to 5100A)
POLY1 photolithography

. P-well Nowell

Si0,

M. Zabala and A. Sanchez, IMB-CNM(CSIC)
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CNM25 Technology Example

2.5-pm polySi-insulator-polySi (PiP) 1M twin-well CMOS process:

4-inch wafers
22-mm x 22-mm (484mm?) stepper reticle

8-mask layout design

FEOL stages:

N and P wells
Active areas

PiP capacitor
MOS gate

_—:—%_ﬁ_- PolySi etching

. P-well Nowell

Si0,

M. Zabala and A. Sanchez, IMB-CNM(CSIC)

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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CNM25 Technology Example

2.5-pm polySi-insulator-polySi (PiP) 1M twin-well CMOS process:

4-inch wafers
22-mm x 22-mm (484mm?) stepper reticle

8-mask layout design

FEOL stages:

N and P wells
Active areas

PiP capacitor
MOS gate
MOS source and drain

NPLUS photolithography
N-type doping

. P-well Nowell

Sio,

| M. Zabala and A. Sanchez, IMB-CNM(CSIC)

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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CNM25 Technology Example

2.5-pm polySi-insulator-polySi (PiP) 1M twin-well CMOS process:

4-inch wafers
22-mm x 22-mm (484mm?) stepper reticle

8-mask layout design

FEOL stages: |
N and P wells 4‘ -
Active areas T T i - ”_J
PiP capacitor *{ :
MOS gate
MOS source and drain
-#* Ptype doping
. P-well Nowell
Sio,

M. Zabala and A. Sanchez, IMB-CNM(CSIC)

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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CNM25 Technology Example

2.5-pm polySi-insulator-polySi (PiP) 1M twin-well CMOS process:

4-inch wafers
22-mm x 22-mm (484mm?) stepper reticle

8-mask layout design

FEOL stages: |
N and P wells 4‘ -
Active areas 7] 1 | . H_J
PiP capacitor ‘{ L

MOS gate
MOS source and drain

BEOL stages:

TEOS” deposition (12000A to 13000A)
Interlevel oxide

N**(1pm) and P**(3um) D/S diffusion

. P-well Nowell

Si0,

M. Zabala and A. Sanchez, IMB-CNM(CSIC)
"TEtraethyl OrthoSilicate

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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CNM25 Technology Example

2.5-pm polySi-insulator-polySi (PiP) 1M twin-well CMOS process:

4-inch wafers

22-mm x 22-mm (484mm?) stepper reticle

8-mask layout design

WINDOW

FEOL stages: |
N and P wells 0 N :
Ea sl

Active areas 5 |

O
PiP capacitor 0 ‘{ -
[

MOS gate
MOS source and drain

BEOL stages:

_ WINDOW photolithography
Interlevel oxide

P-well

Contacts Si N-well
Sio,

M. Zabala and A. Sanchez, IMB-CNM(CSIC)

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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CNM25 Technology Example

2.5-pm polySi-insulator-polySi (PiP) 1M twin-well CMOS process:

4-inch wafers
22-mm x 22-mm (484mm?) stepper reticle

METAL

8-mask layout design

FEOL stages:

N and P wells
Active areas

L
_I_,__l_,_é)_

PiP capacitor

MOS gate
MOS cniirce and drain

BEOL stages: Al Al metalization
Interlevel oxide METAL photolithography
Contacts & P-well N-well

Metal >0,

M. Zabala and A. Sanchez, IMB-CNM(CSIC)

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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CNM25 Technology Example

2.5-pm polySi-insulator-polySi (PiP) 1M twin-well CMOS process:
4-inch wafers
22-mm x 22-mm (484mm?) stepper reticle

8-mask layout design

FEOL stages:

N and P wells
Active areas

PiP capacitor
MOS gate
MOS source and drain

BEOL stages: Al Al etching

Interlevel oxide

P-well

Contacts Si N-well
Metal 210,

M. Zabala and A. Sanchez, IMB-CNM(CSIC)

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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CNM25 Technology Example

2.5-pm polySi-insulator-polySi (PiP) 1M twin-well CMOS process:

4-inch wafers
22-mm x 22-mm (484mm?) stepper reticle

8-mask layout design

CAPS

FEOL stages:

N and P wells
Active areas

PiP capacitor
MOS gate
MOS source and drain

SNe Oxidation (4000A)
Nitride deposition (4000A)
CAPS photolithography

BEOL stages:

Interlevel oxide Sio,

P-well

Contacts Si N-well

Metal

Passivation and pads M. Zabala and A. Sanchez, IMB-CNM(CSIC)

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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CNM25 Technology Example

2.5-pm polySi-insulator-polySi (PiP) 1M twin-well CMOS process:
4-inch wafers
22-mm x 22-mm (484mm?) stepper reticle

8-mask layout design

FEOL stages:

N and P wells
Active areas

PiP capacitor
MOS gate
MOS source and drain

Wire-bonding pad

BEOL stages:

) Nitride etching
Interlevel oxide

Oxide etching

Contacts
Metal

Passivation and pads M. Zabala and A. Sanchez, IMB-CNM(CSIC)

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Modern Technologies

Advanced MOSFET Poly gate Salicide Spacer
device structure D/S extension

Gate dielectric

Salicide

X ™ Halo

Channel & well profiles

Heavily doped D/S’

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Modern Technologies

» Advanced MOSFET

device structure =
Localm\
» Device isolation of Silicon e B s
/
| LOCOS —] Bird's beak
/ \

4 N\
Shallow Trench

Isolation ' - l

STI

- J

Pad oxide growth + nitride deposition Pattern and etch Si;N, and Si02 Trench etch into Si
S|3N4 SI3N4

|O depth

2
~ 350 nm;
shallow

Deposition of trench filling oxide
(No thermal growth!)
SiO, Oxide CMP polish step with stop onnitide  Field oxide recess (HF dip)

Removal of nitride layer (H;PO,)

COME T

Integrated Heterogeneous Systems Design = F. Serra Graells



Modern Technologies

UAB

Introduction to Integrated Heterogeneous Systems

Advanced MOSFET
device structure

Device isolation

Cu interconnections

m Lower resistivity
m Higher melting point

m Lower thermal
expansion

m Lower electromigration

Classical Al metallisation

1) metal deposition

metal
| oxide |
2) etching of metal lines
|_————I
3) oxide gapfill + oxide CMP
oxide
|—————I

CMOS Design-Trends Conversion-Basics ADC/DAC-FoM Lab

Damascene Cu metallisation

1) etching of oxide trenches

oxide

2) metal deposition

| metal

3) metal CMP

Integrated Heterogeneous Systems Design = F. Serra Graells
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Mixed-Signal Technology Modules

» CMOS process options for each IC application:

w Twin vs triple well
shallow trench S G D D G S B B S G D D G S B

isolation (STI) B

\

A Gate-bootstrapping in SC circuits
(e.g. input samplers, charge pumps)

A lIsolation against substrate noise

0

<~ (half circuit)

Integrated Heterogeneous Systems Design = F. Serra Graells
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Mixed-Signal Technology Modules

CMOQOS process options for each IC application:

Twin vs triple well

Vin - Vrp
Several MOSFET threshold-voltage families Family [V] [V] Purpose
LP 0.50 -0.55 +41.8-V low-leakage core
LV 0.33 -0.33 Low-voltage supply
TH 0.70 -0.63 +3.3-V I/O interface

e.g. 0.18-um 1P6M CMOS technology

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Mixed-Signal Technology Modules

CMOQOS process options for each IC application:
Twin vs triple well
Several MOSFET threshold-voltage families
Metal-insulator-metal (MIM) and metal-oxide-metal (MOM) linear capacitors

High-resistance polySi (HIPQO) linear and low-TC resistors
Thick top metal for high-Q RF inductors

Triple MIM
capacitor

Integrated Heterogeneous Systems Design

1F

4-metal MOM
capacitor

F. Serra Graells

Differential
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Mixed-Signal Technology Modules

CMOQOS process options for each IC application:
Twin vs triple well
Several MOSFET threshold-voltage families
Metal-insulator-metal (MIM) and metal-oxide-metal (MOM) linear capacitors
High-resistance polySi (HIPQO) linear and low-TC resistors
Thick top metal for high-Q RF inductors
Linear varactors for continuous RF tuning
High-voltage (HV) and LDMOS transistors for power management
Lateral and vertical bipolar transistors for bandgap references

Anti-reflective coating and optimum doping profiles for CMOS image sensors (CIS)

Non-volatile memory (NVM) for chip ID, configuration, tunning...

Anti-reflective
coatlng (ARC)

| -i

P-sub

V¥ Many modules = higher mask/process costs + difficult circuit design migration

UAB

Integrated Heterogeneous Systems Design

F. Serra Graells
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Hybrid-Packaging Alternatives

Classic wire-bonding approach:

S

Package/PCB

m Monolithic solution (signal integrity, production)
m Sensor needs to be CMOS compatible
m Area costs

m Wire-bonding costs for large arrays

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Hybrid-Packaging Alternatives

Classic wire-bonding approach: Bump-bonding flip-chip:

22
<<

W I
Sensor CMOS
Package/PCB
m Monolithic solution (signal integrity, production) m Heterogeneous sensor/CMOS technologies
m Sensor needs to be CMOS compatible m Sensor area can be reused for circuits
m Area costs m Back-side sensing
m Wire-bonding costs for large arrays m Wire-bonding costs for large arrays

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Hybrid-Packaging Alternatives

CMOS Design-Trends Conversion-Basics ADC/DAC-FoM Lab

3D stacking with through-Silicon vias (TSV):

CMOS side

Standard
wafer
thickness

Redistribution
layers (RDL) side

UAB

y

Deep
reactive-ion

etching
(DRIE)

V

Height/diameter < 20
Typ. diameter 50pm to 100pm
pF-range parasitic capacitance

< 1-K2 series resistance

5

NN =

Sensor

S—

CMOS

i

Package/PCB

m Heterogeneous sensor/CMOS technologies

m Sensor area can be reused for circuits

m Front-side sensing

m Wire-bonding free

Integrated Heterogeneous Systems Design = F. Serra Graells
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Hybrid-Packaging Alternatives

3D stacking with through-Silicon vias (TSV): A TSV downscaling by wafer
¢ chemical-mechanical polishing (CMP):

#0710 iy (cs)

CMOS side
Deep
Standard reactive-ion
) wafer etching <
thickness (DR|E) é"ﬂ.’; 10 um (cs)

Redistribution E—

layers (RDL) side

Height/diameter < 20

imec-int.com
100pm
10pm

Typ. diameter 50pm to 100pm
pF-range parasitic capacitance

< 1-K2 series resistance

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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IC Development

Typical project scheduling;: Custom library . L
test chips — e

14 15 16 17 18 19 20 21 22 23 24

H

@ Specs (D Design @D Integration () Testing

V¥ Alignment with foundry fixed run calendar
V¥ Long design iterations (typ. 6M)

V First complete prototype >18M

60/148

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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CMOS Technology Costs

Full-mask regular run 1 layer/mask
36-mask set
i N
layer cgn
depending on #1 3
process modules!
25mm Stepper
reticle

e.g. 0.15-um 1P6M CMOS technology
Die size: < 625 mm? & 550mm
Mask costs: 100 k€
Processing costs: 2 k€ /wafer
Samples: > 50 die/wafer
Intended for full production (> 200 wafer/year)

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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CMOS Technology Costs

1 layer/mask

Full-mask regular run
8 36-mask set

Multi-project wafer (MPW) run

Stepper
reticle

e.g. 0.15-um 1P6M CMOS technology

Wafer map

2 © 200mm

Die size: > 4 mm

Mask and processing costs: 1 k€/mm?
Samples: < 100 die
Intended for prototyping

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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CMOS Technology Costs

Full-mask regular run
Multi-project wafer (MPW) run

Multi-layer mask (MLM) engineering run

e.g. 0.15-um 1P6M CMOS technology

Die size: < 156 mm?
Mask costs: 25 k€
Processing costs: 2 k€ /wafer (6-wafer lots)

Samples: > 200 die/wafer
Intended for small series (< 100 wafer/year)

UAB

CMOS Design-Trends Conversion-Basics ADC/DAC-FoM Lab

4-MLM

4 layer/mask
9-mask set

wwq gt

12.5mm  Stepper
reticle

Wafer map
© 200mm

Integrated Heterogeneous Systems Design = F. Serra Graells
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CMOS Technology Costs

Full-mask regular run
Multi-project wafer (MPW) run

Multi-layer mask (MLM) engineering run

e.g. 0.15-um 1P6M CMOS technology

Die size: < 69 mm?
Mask costs: 12 k€
Processing costs: 2 k€ /wafer (6-wafer lots)

Samples: > 450 die/wafer
Intended for small series (< 100 wafer/year)

UAB

CMOS Design-Trends Conversion-Basics ADC/DAC-FoM Lab

9-MLM

9 layer/mask
4-mask set

8.3mm Stepper
reticle

Wafer map
© 200mm

Integrated Heterogeneous Systems Design = F. Serra Graells
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CMOS Technology Costs

Full-mask regular run
Multi-project wafer (MPW) run
Multi-layer mask (MLM) engineering run

Wafer-scale stitching run

e.g. 0.15-um 1P6M CMOS technology

UAB

Die size: 150x150 mm?
Mask costs: 100 k€
Processing costs: 2 k€ /wafer

Samples: 1 die/wafer
Intended for limited series

Low yield (acceptable for imagers)

CMOS Design-Trends Conversion-Basics ADC/DAC-FoM Lab

1 layer/mask
36-mask set

#1 block #2 #3

#4

#7

25mm Stepper
reticle

Wafer map
© 200mm

Integrated Heterogeneous Systems Design = F. Serra Graells
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Evolution of CMOS Technologies

Trends in Analog and Mixed IC Design

A/D and D/A Conversion Principles

ADC and DAC Figures of Merit

Lab proposal

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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IC Design Scenario

Synthesis vs analysis:

Specifications

Parameter _Comments Spec. _Units
R Vo
CMR Upper > |V
Lower <1
OR >3 |V
Vot ] <10 [ mVim:
P Vi = 25V <15 [ mw
Goc >60_| dB
CMRRoc >50 | dB
PSRRoc | + >50 | dB
- >50
SR T >15 [ Vips

- >15
1% Vo =2 3V <1500 | ns
Vour =3 2V <1500
Frnax Vour — OR KHz
THD Vout = OR/2@10KHz |_<1_| %
BW —3dB Hz

GBW >1 MHz
Pm >50 | deg
Voieg 100Hz to 10MHz <T_ | mVims
Area <0.025 | mm

UAB

CMOS Design-Trends Conversion-Basics ADC/DAC-FoM Lab

@0

modeling exhaustive
cause/effect - high speed
simplification high precision

multi-disciplinar large database

Schematics Layout

s

Synthesi

Synthesis

Circuit Physical
A A
Analysis Analysis

V¥ EDA tools do not design ICs!

Integrated Heterogeneous Systems Design = F. Serra Graells
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Analog vs Digital

If it can be done by digital, don't use analog!

V¥ Analog IC design is complex... g #)
Background in physics, electronics, ik J_ %Z
information and control theory, —|—
signal processing, communications What is

: . this?
Variety of state-of-the-art solutions < <&
High dependence from technology Q —IE Q
Modeling skills Digital Analo
Complex EDA tools way way

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Introduction to Integrated Heterogeneous Systems

Analog vs Digital ~eansducers
If it can be done by digital, don't use analog! ADC
DAC AGC
V¥ Analog IC design is complex...
Preamp
Background in physics, electronics, e Filter
information and control theory, uP a
signal processing, communications Power FPGA DSP g
manager LNA 3
Variety of state-of-the-art solutions Memory g
S
High dependence from technology Mixer 5
Reference S
Modeling skills Y $
< PA @
Complex EDA tools % PLL
&.o VCO
A ...but still necessary! ('9_},
JO/J

Integrated Heterogeneous Systems Design = F. Serra Graells
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Introduction to Integrated Heterogeneous Systems

Analog vs Digital ~eansducers
If it can be done by digital, don't use analog! ADC
DAC AGC
V¥ Analog IC design is complex...
Preamp
Background in physics, electronics, e Filter
information and control theory, uP a
signal processing, communications Power FPGA DSP g
manager LNA 5
Variety of state-of-the-art solutions Memory g
S
High dependence from technology Mixer 5
Reference S
Modeling skills “&? 0?0'
- PA RF
Complex EDA tools oéa} PLL Ter:e[;i?iture frontend
) VCO %
. 'o(/ Imager
A ...but still necessary! °y, Touch
% Screen Battery
manager
inplﬁl/Jg:ﬁcput Magnetometer
Light sensing

Accelerometer

Most modern ICs are
really mixed-signal

F. Serra Graells

Integrated Heterogeneous Systems Design

UAB
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IC vs PCB

What can mixed |C design offer compared to PCB?

Good Bad

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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IC vs PCB

What can mixed |C design offer compared to PCB?

Good Bad

A Small size and high density
A Complex systems

A High speed operation

A Low power consumption

A Heterogeneous SoC
(A/D/RF/MEMS /Power)

A Low production costs

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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IC vs PCB

UAB

What can mixed |C design offer compared to PCB?

Good

Bad

A Small size and high density
A Complex systems

A High speed operation

A Low power consumption

A Heterogeneous SoC
(A/D/RF/MEMS /Power)

A Low production costs

V¥ Low observability /controllability
V Few device primitives

V¥V Technology variability
(process and mismatching)

V¥ Complex modeling

V¥V High design costs
(EDA /personnel)

V¥ High prototyping costs

V¥ Long design cycles

Integrated Heterogeneous Systems Design = F. Serra Graells
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cnm25modn (w=28,
IC Flavors 1-6,
mx=4,
my=2,
common_d=False,

Each application may require a different |C solution: common_g=False,

common_s=True)

Full-custom

Density
Flexibility

Performance
Design time
EDA tools

Prototype costs

Target volume High
Mixed-mode A and D

Hand-drawn geometry
All layers customized

Application-specific I1C
(ASIC) result

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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IC Flavors

CMOS Design-Trends Conversion-Basics ADC/DAC-FoM Lab

Each application may require a different IC solution:

Full-custom

Macro-cell

Density

Flexibility

Performance

Design time
EDA tools
Prototype costs
Target volume High

High

Mixed-mode A and D

A and D

Configurable IP blocks (ADC, memory...)

Automated routing
All layers customized
Still an ASIC

UAB

- DCM
ARM1176 ARM

ARM1176
subsystem

1

Magali 65-nm SoC for 4G communication with 22 IPs

Integrated Heterogeneous Systems Design = F. Serra Graells
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IC Flavors 3
Each application may require a different IC solution: Standard
height
Full-custom Macro-cell Standard-cell
Density /
Flexibility Row of standard cells
Performance \
/ \
Design time L |
EDA tools E || 10
. . pad ring
Prototype costs | :
Target volume High High High | !
Mixed-mode | A and D A and D D f f

Gate level cells + automated routing

== =

Regular floorplan = L.
XY Routing

All layers customized
Still an ASIC

UAB Integrated Heterogeneous Systems Design = F. Serra Graells




Introduction to Integrated Heterogeneous Systems CMOS Design-Trends Conversion-Basics ADC/DAC-FoM Lab

IC Flavors

Each application may require a different IC solution:

Full-custom Macro-cell ~ Standard-cell ~ Gate-array S W=
Density
Performance il
Design time
EDA tools
1\ 7777
Prototype costs - " e ‘
o | TS | o
Target volume High High High Medium - | N 7777,
[ | _@gj Tt xx] [ | 6 2 | poly croes-under
. B v 22774 |
Mixed-mode A and D A and D D D m|lE Tz
% i s 22774
O | 1] 1 w 222222
@ :ﬂg 121 \.\ ) e
Uil (1)1 | | 12,
- . :S) 77 7%
Pre-built transistors/gates/IPs HE E R EE B "

Only routing layers customized

Structured ASIC

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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IC Flavors

Each application may require a different IC solution:

Density
Flexibility
Performance
Design time
EDA tools
Prototype costs
Target volume

Mixed-mode

Full-custom Macro-cell Standard-cell Gate-array FPGA
High High High Medium Low
A and D A and D D D D (A)

Programmable logic blocks

Programmable routing

Not an ASIC

UAB

Integrated Heterogeneous Systems Design

CMOS Design-Trends Conversion-Basics ADC/DAC-FoM Lab

Cyclone Il

M9K Memory Blocks
Logic Array

Embedded

18-bit x 18-bit
Multipliers

Side 1/0 Cell
with Support for
LVDS Signals
up to 875 Mbps

Top and Bottom

PROGRAMMABLE
INTERCONNECT

110 Cell for Memory
% Interfaces Up to
— 400 Mbps

IQQQEQOOGE
EQOOOGOOO0E
FOOOOOOOGE
pentuiugelulntulnd:
TOOOSGOa008

[ElEl=l=l=E1 ReGg nan

LOGIC BLOCKS

F. Serra Graells

10 BLOCKS
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IC Flavors

Each application may require a different IC solution:

Full-custom Macro-cell Standard-cell Gate-array FPGA
Density
Flexibility
Performance
Design time
EDA tools
Prototype costs

Target volume High High High Medium Low

Mixed-mode A and D A and D D D D (A)

UAB

Integrated Heterogeneous Systems Design

F. Serra Graells
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Full-Custom Design

V¥ Fixed CMOS technology:

» Materials and processes

= Vertical dimensions

A Mixed design space:

_— non-linear!
= Circuit topology Vb /
= Device horizontal sizing Ip = f(Va,p,s,8) xS [
= Device biasing VGD—{ Vs T G M { %LJFL
S =M x %

Vs

Width
Length
Multiplicity

o

x M

Integrated Heterogeneous Systems Design = F. Serra Graells
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Introduction to Integrated Heterogeneous Systems CMOS Design-Trends

81/148

Full-Custom Design

V¥ Fixed CMOS technology:

Materials and processes

Vertical dimensions

A Mixed design space:

Circuit topology

Device horizontal sizing

Device biasing

<[~
=[=

iy

UAB Integrated Heterogeneous Systems Design = F. Serra Graells

other device cases:

Number of turns
Inner Diameter
Spacing

Width
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numerical (fitting) modeling

. . . . .MODEL MY_NMOS BSIM3V3 TYPE=N
Intrinsic and extrinsic model parts + VERSION=3.2 PARAMCHK=1
(+ NSUB=2.161E+19 NCH=1.280E+17 XJ=1.500E-07 LINT=7.639E-04
+ WINT=3.669E-04 LL=0 LLN=0 LW=0 LWN=0 LWL=0 WL=-1.253E-10
Process | + WLN=1 WW=-2.595E-07 WWN=4.475E-01 WWL=0 DWG=0 DWB=0
+ TOX=3.800E-08 TOXM=3.800E-08 XT=1.000E-07 RDSW=3.580E+02
\+ PRWB=6.678E-03 PRWG=4.740E-04 WR=4.148E-01
/+ VTHO=7.874E-01 K1=1.233E+03 K2=-6.791E-02 K3=8.227E+03
Threshold |+ K3B=-5.071E-01 W0=2.500E-06 NLX=0 DVT0=5.820E+00 DVT1=5.168E-01
voltage |+ DVT2=-2.594E-01 DVTOW=0 DVT1W=5.300E+06 DVT2W=-3.200E-02
\+ A0=8.010E-01 BO=0 B1=0 A1=0 A2=1 AGS=1.006E-01 KETA=-1.385E-02
... (* MOBMOD=1 U0=6.020E+02 VSAT=1.746E+08
Mobility (; UA=9.395E-07 UB=2.828E-15 UC=5.191E-08
/+ DROUT=5.600E-01 PCLM=3.178E+03 PDIBLC1=4.811E+03
+ PDIBLC2=8.600E-03 PDIBLCB=0 PSCBE1=4.240E+08
\+ PSCBE2=1.000E-05 PVAG=0 DELTA=1.000E-02
(+ CDSC=2.953E-02 CDSCB=7.380E-03 CDSCD=-2.864E-03
Subthreshold | + NFACTOR=6.727E-01 CIT=0 VOFF=-6.277E-02
\+ DSUB=5.600E-01 ETAO=0 ETAB=-1.653E-01
/+ CAPMOD=3 DWC=3.669E-04 DLC=0 CLC=1.000E-07
Charge |+ CLE=6.000E-01 CF=0 ELM=2 ACDE=1 MOIN=15
model | + NOFF=1 VOFFCV=0 XPART=6.000E-01 LLC=0
\+ LWC=0 LWLC=0 WLC=-1.253E-10 WWC=-2.595E-07 WWLC=0
Substrate (+ ALPHAO=2.725E-03 ALPHA1=-7.804E-01 BETA0=3.180E+01
(+ JS=1.000E-04 JSW=0 NJ=1 IJTH=1.000E-01
Junction | + €J=5.000E-04 MJ=5.000E-01 PB=1
diode | + CJSW=5.000E-10 MJSW=3.300E-01 PBSW=1
\+ CJSWG=5.000E-10 MJSWG=3.300E-01 PBSWG=1
Overlap cap. (+ CGS0=0 CGDO=0 CGBO=0 CGSL=0 CGDL=0 CKAPPA=6.000E-01
/+ TNOM=27 KT1=-1.100E-01 KT1L=0 KT2=2.200E-02 AT=3.300E+04
Thermal 414 310E-09 UB1=-7.610E-18 UCi=-5.600E-11 PRT=0 UTE=-1.5
model \+ XTI=3 TPB=0 TPBSW=0 TPBSWG=0 TCJ=0 TCJSW=0 TCJSWG=0
Noise (f NOIMOD=1 KF=1.000E-17 AF=1.5 EF=1.5 NOIA=2.000E+29

Bulk Enhancement MOSFET Analytical (physical) vs rﬁ:ﬂj

N

Output
resistance

L\ NI ‘M! AN

J

model \+ NOIB=2.000E+29 NOIC=2.000E+29 EM=4.100E+07

N\

+ XL=0 XW=0 PK1=1.711E-01 PK2=-6.688E-02

A Accurate results from electrical simulation Scaling |7 FUA-6-246E-08 PUB-3.4185-12 LUC-1.519E-05 A/

PUC=-5.063E-05 PAGS=2.532E-01 PRDSW=-1.071E+04
+ WVSAT=0 PVSAT=-1.800E+05 PVTHO=-1.644E-01

V¥V Too complex for hand design!

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Bulk Enhancement MOSFET Vis = Vi sens

. . Ip Linear Saturation
Classic large signal 1/V model: mode g region 2%

Vbs
Non
linear 1 . v
\ & [(VGS —Vru) Vps — 5%%51 Vbs < Vpssat Cct?c?gfefl Vas < Vo s
ID — ID
g (Vas — Veu)? [1+ A (Vbs — Vbssat)]  Vps > Vbssat :
E VDS > VDSsat VDS < VDSsat
Channel length modulation (CLM): \ o 1
negligible for large signal, but critical in small signal L
oW . 5
p= MTK\ Vpssat = Vas — Vru 5 Vps 1
K = pCoq Pinch-off
Current factor voltage Vry Vas

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Bulk Enhancement MOSFET A Simple enough for hand design

Classic large signal 1/V model: V¥V Body effect in stacked circuits?
Ve = Vrao +7 (\/|2<I>F — Vas| - \/|2@F|)
VDS 4‘ _ V 2q€S1,Nsub
! C
41 Body effect
coefficient
Non
linear 1
\ B [(VGS — Vi) Vps — §VBS] Vps < Vpssat V¥ Asymmetrical D/S model!
o= 1 1
B 2
P’ - 1 A - sa > sa ?
5 (Vas = Vra) [} (Vbs — Vpssat)] Vbs = Vpssat /_\J—iT or z_j//_\ﬁ
Channel length modulation (CLM): \ o 1 l l
negligible for large signal, but critical in small signal L
- V¥ Subthreshold operation?
p=M—K Vbssat = Vas — Vru
\ / V¥ Single expression wanted for
K = 1Coq Pich off all regions with continuous
Current factor voltage derivatives (small signal)...

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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ea’ r <0

Bulk Enhancement MOSFET Fla) = (1+et) =y o
. Forward Reverse / \
EKV large signal I/V model: \ V VSB VP_VDB

ID—IDF_IDR—IS — ]
G
O ................................

ekv.epfl.ch Specific current Pinch-off voltage
Enz Ip—— . Vap -V,
Krummenacher D 09—1__‘_—0 S Vai Is = 2npU; Vp =2 TH — vy,
Vittoz n
Vopr>p s Vs Subthreshold slope Inversion coefficient
P (1<n<2) 1974
Mf /JC’W IC = ID
K IS
Weak inversion 1% dV, Vep = Vrr Strong inversion V. V, Vop = Vin
(subthreshold) '55 @n¢ VDB > n g SB OF VDB < n
5 n
5 ISeVGB;L—_UrTH (e—vg—f N e—V’,?—tB) B [(VGB —Vru) — 5 (Vbe + VSB)] (Vb — VsB)
S
= Ve — Vru
S Vs — Vs < Us Vsp and Vpp < ~CE—1TH
5~ Yep—Vry _Vep B 2
= "Ea Ise™ 0 e U [1+ X (Vpg — VsB)] on (Ve — Vra —nVsg)“ [1 + A(VbB — Viat)]
53 Vop — V-
:;"; L (Voe — Vsp) > Ut Vop < —2—T and Vo > Vi

n

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Bulk Enhancement MOSFET Forward saturation example
(neglecting CLM):
EKV large signal 1/V model: log Iy Tge~ Gttt
\ T
Ekv'epﬂ'Ch I, —— . Strong inversion
nz o
Krummenacher D 09—1__‘——0 S Vs loglIs4{ Moderate
Vittoz /
Vpp = > I§‘<\ """""" Vsi

A Simple enough for hand design

B 2
o (Ve — Vru)

A Symmetrical D/S expressions = el

A Explicit body effect

Vru Van

A Single expression from Vo sV
strong to weak inversion and Vep = 0
from conduction to saturation

A Continuous derivatives for

. Ip (Van, Vg, Vi = _ Ip (~Vap, —Vsn, -V,
small signal parameters p (Vor, Vsp, Vbs)lpmos p (=Ves, =Vss, —VbB)lnmos

UAB Integrated Heterogeneous Systems Design = F. Serra Graells



https://ekv.epfl.ch

Introduction to Integrated Heterogeneous Systems CMOS Design-Trends Conversion-Basics ADC/DAC-FoM

Bulk Enhancement MOSFET

Classic small signal transconductance model:

D
Small signal \I/id
increments only Go—3 ' )
Vgs ImUgs Tds = — ImbUbs
Vbso _ | 9ds
" |
Vas = Vaso + vgs Bo* S
Non-linear Vbs = Vbso + vas Linear
operating point Vs = Vso + ves equivalent circuit
Ip = Ipo +iq
I = dlp g
1 ™ OVas | vgs|. o _
B l(VGS —Vru) Vps — EVL‘Q)S} Vbs < Vpssat G o low=u=0
T . Jdlp g
D = 9ds = =
B 5 aVVDS Vds Vgs=Vps=0
5 Vas =Vrr)" [L+A(Vbs = Vpssat)] Vbs = Vpssat oI, iy
gmb = = —
/ aVBS Vbs Vgs=vas=0
Vru = Vrao +7y (\/|2‘I>F — Vas| — \/|2<I)F|)
BVps Vbs < Vbssat
. . . 9m =
A Analog circuits biased through 8(Vas — Vin) = /2BI5 Vbs > Vissar
current sources — Oop as a
function of drain current

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Bulk Enhancement MOSFET

Classic small signal transconductance model:

D
Small signal \I/id
increments only Go—3 ' )
Vgs ImUgs Tds = — ImbUbs
Vbso _ Gds
Ubs l
Vas = Vaso + vgs Bo* S
Non-linear Vbs = Vbso + vas Linear
operating point Vs = Vbso + ves equivalent circuit
Ip = Ipo+iq
I = dlp g
1 T Vas gy _y
5} l(VGS —Vru)Vps — §V[2)s} Vbs < Vpssat 9% Tvas=v0:=0
. 8ID 14
ID — 9ds = =
B 5 aVVDS Vds Vgs=Vps=0
5 Vas =Vrr)" [L+A(Vbs = Vpssat)] Vbs = Vpssat oI iy
/ gmb = aVBS N U_bs Vgs=vqs=0
Vra = Vrao+7 (\/|2‘I>F — Vis| — \/|2<I)F|)
B(Vas — Vru) Vbs < Vpssat

Gds =

A Analog circuits biased through
current sources — op as a
function of drain current

g (VGS’ - VTH)2 A=Ap Vps > Vpssat

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Bulk Enhancement MOSFET

Classic small signal transconductance model:

D
Small signal \I/id
increments only Go—3 ' )
Vgs ImUgs Tds = — ImbUbs
Vbso _ | Gds
" |
Vas = Vaso + vgs Bo* S
Non-linear Vbs = Vbso + vas Linear
operating point Vs = Vso + ves equivalent circuit
Ip =1Ipo+ia
I = afp _ iq
1 T OWVeas  ves|.
B l(VGS —Vru) Vps — EVD25:| Vbs < Vbssat €5 790 loas=v,=0
D — 5 ) 9ds = WVps = Vds S
5 Vas =Vrr)" [L+A(Vbs = Vpssat)] Vbs = Vpssat oI iy
/ gmb - aVBS = U_bs Ugs:vdszo
Vrag = Vrgo +7 (\/|2‘I>F — Vas| — \/|2<I)F|)
Imb = 19m
n= i
V¥ Asymmetrical parameters and 2V2®r = Vs|

non-explicit expressions...

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Bulk Enhancement MOSFET

» EKV small signal transconductance model: I = Wan gl T Von  Vabl, e
D .
G Small signal o Gms = — Olp =_1d = NYmg
[ I T increments only . td 8VSB Usb Vgb=v4qp=0
G + +
IDO I 9ImgUgb D GmsUsh 9ImdVdb
D O%J__l_—o S Veo Ve
Vppo > §§ VsBo Var = Vapo + vgp Usb Vb g
— Vb = VbBo + Vap Bo—m—— —
Non-linear Vsp = Vspo + vsb Linear
operating point Ip =1Ipo+iq equivalent circuit
Weak inversion (subthreshold) Strong inversion

Conduction

Saturation
(forward)

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Bulk Enhancement MOSFET

. . olp _ id . olp . id
EKV small signal transconductance model: I Ve g lyyomeo " OVoB Va0
D .
G Small signal P Yms = — Olp _ L = NYmyg
Q rr— increments only o td Vs Usb lvgp=vay=0
+ +
Ipo I 9ImgUgd D GmsVsh 9ImdUdb
D ST T Les Ve o 2% Y
H H g
i +
Vppo " > °< VsBo Var = Vapo + Vb Usb Vb {
"""""""""""""" Vbe = VbpBo + vap Bo——  — —
Non-linear Vsp = Vspo + vsb Linear
operating point Ip =1Ipo+iq equivalent circuit
Img N
H - ID B 9
Equivalence between models: A Continuty between ; ? - , _
[ - . n . . o L
operating regions: L. B C . . ;
L Olp _ : 5 : :
. 9lp ASEENE nUs
mb = Fy = = Gms — Gmg ~ Gmd / inversion :
Bestpower ............. ............ .»_..
a1, efficiency . Moderate :
9ds = 6VD = 9md | | ] |
—4 —2 0 +2 +47 logIC

UAB Integrated Heterogeneous Systems Design = F. Serra Graells




Introduction to Integrated Heterogeneous Systems CMOS Design-Trends Conversion-Basics ADC/DAC-FoM Lab

Bulk Enhancement MOSFET

Quasi-static transcapacitance model:

Input only elements:

G Small signal G
Q e increments only Coy = 9Qx
E—— aVY Vrest=0 ng Cgs
D 0——|_ I——O: S Vaso D o_>\ &o S
Cay 7 Cya Cgb
Vppo = > §§ """""" VsBo Vas = Vapo + vgp T
[ — Vor = Vigo + va Non-reciprocal! B

Vs = Vspo + vsp

Conduction _ : : |
06F Moderate ...... ...... 1_
...... 5
Weak ;
c 04t .\ B - - - - oo o
TY .
CO‘” ........ =1L - o Y SRR Strong
A - ; : : inversion
Gateoxidecap 02 _/... oo - - ...... ..... 4
1o (50 20 D
. (I2)\€T€O ...... ..... ..... ...... ...... .....
/

ch]. Saturation :

€ 0 ; : : ; i : : ‘ ; ; ; ; ; ; ;
Cop = tﬂWL 290 10 0 +10 120 —20 10 0 +10 120

oxr
VaB — Vru

Ut

VaB — Vru
U

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Bulk Enhancement MOSFET

Small signal noise model: Uncorrelated phenomena:

OS interface

log f

. Thermal dizior o Kyrl
trapp|r< agitation —F AKT gms Ken + gmgm7
/
o—d{ o
Unph Power spectral density (PSD) statistics:
di%tat
1 =
Thermal (white) component:
\ 1 w.i. and s.i. conduction
dZsth = 4KTgmsKth Ky = 1 2 _10dB/deC
f 5 or 3 w.i. or s.i. saturation
b L KT
Flicker Thermal
Flicker (plnk) component: DR " 1]
Technology dependent |
, " (NMOS >> PMOS) log f.
vy, sy _ Kl
aif  WLE_ gz Gmg Kpe 1
Memory

Ims Kin AKTW L
effect

UAB

Integrated Heterogeneous Systems Design = F. Serra Graells
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Bulk Enhancement MOSFET

Small signal noise model:

OS interface

trapbin Thermal
PPINg agitation

>(H O

Thermal (white) component:

) 1 w.i. and s.i. conduction
dznth

df = 4KTgmsKth Kth =

o
=
wl N

W.i. or s.i. saturation

o=

KT
Ut:_

Flicker (pink) component:

Technology dependent
" (NMOS >> PMOS)
dv?@fk _ Kyi 1

d WL
if f\
Memory
effect

UAB

CMOS Design-Trends Conversion-Basics ADC/DAC-FoM Lab

Noise-aware analog |C design:

Signal
Signal-to-noise _ Vﬂ%m/ full scale
ratio NR = vz,
nto d
|, Sk
Zntot _ 4K T g, K ofk
af g th T Gmg WL T
dvi,;  AKTnKy, Kl
df Gmyg WL f
x Ip or \/E
Dynamic wer Dynamic rea
Range i Range A
A 4 v
V¥V Low-power V¥ Circuit design
circuit design scalability

Integrated Heterogeneous Systems Design = F. Serra Graells
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Bulk Enhancement MOSFET

» Extrinsic D/S diffusion diodes:

e
...

Kp—weII / )

= Geometry parameters:

Ap =WLp Area
= Reverse leakage current: = Depletion capacitance:
Pp=2(W+ Lp) Perimeter
v v CJ CJSw
Ip = ApJs (e__%B-—l) + PpXpJSW (e__gti—l) CD:ADﬁ + PpXp v URET
Ay=Ap+ PpXp (1-+32) (1- +2%)

SN

Bottom Side
plate walls

Integrated Heterogeneous Systems Design = F. Serra Graells
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EKV Model Extraction

UAB

Sequential methodology to minimize errors:

PRELIMINARY > WIDE WIDE
EXTRACTION LONG SHORT
specific current specific current
Extraction of
measurement measurement
DL s DW s RSH
from several L
geometries
— VP vs. VG VP vs. VG
VTO, GAMMA PHI LETA 5> Q0s LK
ID vs. VG ID vs. VD
KP 5 EO UCRIT, LAMBDA
L
IB vs. VG

CMOS Design-Trends Conversion-Basics ADC/DAC-FoM Lab
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M.Baucher et al.

An Efficient Parameter Extraction Methodology for the EKV MOST Model
IEEE ICMTS, Mar 1996

doi.org/10.1109/ICMTS.1996.535636

NARROW
LONG

NARROW
SHORT

|

|

IBA »I1BB s IBN

|

Integrated Heterogeneous Systems Design

specific current final check
measurement and fine tuning
VP vs. VG
WETA
Narrow
Long

W/L array of
transistors to
adjust model
scalability

=
- -

Narrow Short  Wide Short

F. Serra Graells
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M.Baucher et al.
An Efficient Parameter Extraction Methodology for the EKV MOST Model

1 |IEEE ICMTS, Mar
EKV MOdEI Extractlon doi.org/lO.1109/IC|{/SI)'?'2.1996.535636

Sequential methodology to minimize errors:

PRELIMINARY > WIDE | WIDE ) NARROW - NARROW
EXTRACTION LONG SHORT LONG SHORT

specific current specific current specific current final check
Extraction of ) .

measurement measurement measurement and fine tuning
DL » DW s RSH
from several L l
geometries

VP vs. VG TP e VG VP vs. VG
- ' WETA
VTO GAMMA PHI LETA » Q0 LK |
‘ l Narrow
Long
ID vs. VG ID vs. VD
KP s EO UCRIT, LAMBDA
| W/L array of
B vs VG tra_nS|stors to
adjust model
IBA >51BB s IBN | bl
— scalability

Narrow Short  Wide Short

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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M.Baucher et al.
An Efficient Parameter Extraction Methodology for the EKV MOST Model

EKV Model Extraction IEEE ICMTS, Mar 1996

doi.org/10.1109/ICMTS.1996.535636

e.g. specific-current estimation:

Flot mBS~1arge-gms_id~-gms_1i C(OFF2
o
g 191 E 1 1 1 1 1 1 1
© F grns XU 0 0
z oIl N
2 1 1 1 I_ 1 1 1
wy 1 F T Tl KT
=) E o, N
£ -+ Weak ! ; rong
' ! ~ ! inversion | ' \linversion
e . -1 | 1 1 | | 1
L = T A S S I S
: | SN A
- B i i \ ] ] ] g
P p— 1 1 1 1 1 1 1
> 1 1 1 1 1 1 1
I —= _IJJLLHLLLUJIHLLLUJHI_U.LMLLLLLIWI_I!LMII_LLLHJH]_IJJJHN
7] 12 °
= -12 -1l -13 -9 -8 -2 -6 -5 -4
o 18 1a 18 18 1B 18 18 1B 18
id CLOGT
Is
gms X Ut o 1 . 1 IC < 1
0618 IC=1

1 1 1
p \/3+IC+ 3

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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M.Baucher et al.
An Efficient Parameter Extraction Methodology for the EKV MOST Model

EKV Model Extraction IEEE ICMTS, Mar 1996

doi.org/10.1109/ICMTS.1996.535636

e.g. specific-current estimation: e.g. threshold-voltage estimation:
Flot mBS~1arge~-gms_id~-gms_i C(OFF2 Plot mB5~1arge~vp__vg-vp_~vg (On)
T
9 18 3 2.8 - i I
9 E ghs XUy 0 R S L S
© - 2 Ipy \ Lo = “E ! !
1 1 1 1 1 1 + 1 1
0! 1€ E T = - : '
I I RV B A N A s I
g - Weak N\ | Strong g | - Vro | :
0| - | inversion | i \_inversion ' G5 f----oofooe- TRDF LR EEE  Easmee et
N AN S U NN SO I e - - ;
- i : : i i i i 0 | o ' '
e S > a.a : :
N A A R I
:' e Lol vl vl vl ol ®od ol ol '-52 - 1|a zlz =i
= 10 2™ 15 e 1878 e et ' ) . )
id  CLOG3I v  CE+@3
Is
Ig 5
IB = — =npU
gms X Uy 1 {1 IC <1 e D gy y ~ U
e — o V. =v
Ip Fr10+] 0.618 IC =1 LS b
1

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Passive Components

» Coplanar capacitors:

Low-ohmic

Inter-layer connectors
thin insulator ’

Design-Trends

100/148

E

T Not
& stretchable!
P H

N

Bottom plate

A1 C.P.Yuan and T.N.Trick
A Simple Formula for the Estimation of the Capacitance
of Two-Dimensional Interconnects in VLS| Circuits

= Overlap + fringing capacitance:

C=M|=WL+

IEEE Electron Device Letters, 3(12):391-3, Dec 1982

) doi.org/10.1109/EDL.1982.25610
Electrical

permittivity

[F/m]

Are(W + L)

H In (14 2+ /3 (3 +2))
Cua [F/m?]  Process
C = M[CuoA + CypP) { G [EIm ] gorocess
= Typ. available CMOS structures: Clua Voltage Temp.
[fF/pum?] linearity indep.
MOS >1
PiP or MiM 1~10

PolySi-insulator-PolySi —

Integrated Heterogeneous Systems Design

Sandwitch techniques...
Metal-insulator-Metal q

F. Serra Graells
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Passive Components

Not )
S ) . stretchable! L
» Serpentine resistors: N i ————— o’
H€H {5 27
Low-ohmic M Volume
connectors 7 1%% resistivity
L [€2m]
R=N-=
S
= Square resistance: = Typ. available CMOS structures:
Highly resistive . P RO
i Ro=—= [Q/0 Voltage Temp.
stripes YT H /0] [©2/0]] Iinearigty indeg.
Well
Process Diffusion
; dependent
/ .
R—= N=R. PolySi
W\ Design Metal
aspect ratio
P
L 8500 HiPo
e.g. 7 =8 /
Highly
resistive
PolySi

Integrated Heterogeneous Systems Design = F. Serra Graells
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M.J.M.Pelgrom et al.

TeC h no I Ogi Ca I M iS m atC h i n g Matching Properties of MOS Transistors

IEEE Journal Solid-State Circuits, 24(5):1433-9, Oct 1989
doi.org/10.1109/JSSC.1989.572629

Statistical Gaussian model:

A? Devi
) A% 5 evice
o (AP) = —+BpD parameter
WL ~—~ P?
Global '
Standard roca! e.g. thickness
deviation e.g. dopant "= . )
General non-uniformity gradient )
Pelgrom Law "\
CMOS process \
A — dependent \
o (AP) ~ i )
VWL \

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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M.J.M.Pelgrom et al.

TeC h no I Ogi Ca I M iS m atC h i n g Matching Properties of MOS Transistors

IEEE Journal Solid-State Circuits, 24(5):1433-9, Oct 1989
doi.org/10.1109/JSSC.1989.572629

Statistical Gaussian model:

A2
0?(AP)= £ +B%D
WL L2
~—
Global
Standard Loca! e.g. thickness
deviation e.g. dopant e M
General non-uniformity gradient

Pelgrom Law
CMOQOS process

— dependent

Ap
o (AP) ~ N

e.g. MOS differential pair:

small-signal
uncorrelated
) phenomena
Voff = ‘/inp - ‘[inn|ID151D2 / Ipy Ipo
2
o (Ap , .
02 (Voss) = 0% (AVrm) + g(z ) Vip  |[m1_ m2f] Vi
mg | ] |
Avru
o (Vorg) = 0 (AVrm) ~ ——ees
(WL)12
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Technological Mismatching

Statistical Gaussian model:

A2
0?(AP)= £ +B%D
WL L2
~—
Global
Standard Loca! e.g. thickness
deviation e.g. dopant S M
General non-uniformity gradient

Pelgrom Law
CMOQOS process

— dependent

Ap
o (AP) ~ N

e.g. MOS current mirror:  smalisignal

uncorrelated
phenomena

o (Alp) = 0 (AB) + g0 (AVra)

o2 AID:l @24—‘9&2142
Ip WL s Ip VTH

\

UAB
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Alp =1Ips —Ipy
N Ip1 + Ips

Ip 5

M.J.M.Pelgrom et al.

Matching Properties of MOS Transistors

IEEE Journal Solid-State Circuits, 24(5):1433-9, Oct 1989
doi.org/10.1109/JSSC.1989.572629

Weak Moderate _Stror_lg
inversion
1 Avrm | S s
VWL nU;
Best area
efficiency
14 /
VWL B
| L | | |
0
log IC

Typically, Vg mismatch is dominant...
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Mixed IC Design
Must deal with several hierarchy and abstraction levels

Electrochemical sensor
Au microelectrodes

500pm

e.g. electrochemical
smart sensor

Digital TE
filtering il

Feedback
DAC L [~
I dmod %

dsens

Potentiostatic
AYXM

Electrochemical
sensor

Potentiostatic Digital 1/O Digital
AYXM filtering
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Mixed IC Design

Must deal with several hierarchy and abstraction levels

2rs Counter
HIUL"_""_"_"ﬂ Gmod E dsens

Top

Tsens Gecomp ° Ps

<L S/H

Systems

switch (action) {

case SAMPLING: /* Sampling action */
OUTPUT_CHANGED (out) = FALSE;
*inp_mem = inp;
break;

case QUANTIZATION: /* Quantization action */
OUTPUT_CHANGED (out) = TRUE;
if (*inp_mem>inp_th) {

OUTPUT_DELAY (out) = t_rise;

} else { [ p—
out = ZERO; eomyp
OUTPUT_DELAY (out) = t_fall;

}
OUTPUT_STATE(out) = out;
OUTPUT_STRENGTH(out) = STRONG;
*out_mem = out;
break;

case HOLDING: /* Holding action */
OUTPUT_CHANGED (out) = FALSE;

C

e

out = ONE;

o—o<] >o0—o
M4 }—!—{ M3

Geomp

Circuits

s
Vmo—{ M2 Ml }_Qv;ef

Toens(t) = f(1,05) R Devices
0, A R YA Retw Citw
< w W
Functional Electrical Physical
(Verilog/VHDL/SystemC-AMS, XSpice, Simulink) (SPICE) (FE simulators)

UAB
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Mixed IC Design

Must deal with several hierarchy and abstraction levels

Combining abstraction levels during design

Digital

Feedback filtering -~

eedabac. P

DAC 100 e 2
mod %

Potentiostatic
AYM
_§~‘\
S Viep 7
SN S ase éiﬁ;i;;é{ /* Sampli tion */ 1 1
¢/ Pon GhaNED (vt S FRLBRS A Simulation speed up
’ *inp_mem = inp;
R breg%ANTIZATIUN /* Quantizati tion */
case : * luantization action * . L]
0 _CHANGED (out) = ; S
Eﬁlin Rctw Cdlw iIfJle}ganjm}eImE]j).n;]_lzh) {TRUE A tUdy Of CI rCU It
out = ONE; -
. DETPUE_DELAY(out) = t_rise; non_|dea| eﬂ:ects
se
out = ZERO; outy
W OUTPUT_DELAY (out) = t_fall; - - .
D tpur STATECout) = ot V¥ Multi-level and multi-domain
OUTPUT_STRENGTH(out) = STRONG; . . .
o v = o simulation needed (single
case HOLDING: /* Holding action */ .
N OUTPUT_CHANGED (out) = FALSE; eng| ne Or glue a pproach)
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Power consumption (lifetime, range...)

IC Optimization Silicon area (costs, packaging...)

N\

. . . . sources
A Quantitative design comparison Re
Q g P performance

Design
modification

v

Figure of Merit (FoM)

Electrical
simulation —

FOM

Cost
evaluation
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IC Optimization

A Quantitative design comparison

Design
modification

Electrical
simulation

Cost
evaluation

UAB

FOM
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Power consumption (lifetime, range...)
Silicon area (costs, packaging...)

N\

S
Resource
performaﬂce

v

Figure of Merit (FoM)

Circuit specific...

(

—load 7 7 e.g. line buffer
Pp
1
FOMopamp = m e.g. pre-amplifier
CloadGBW .
load 777 e.g. RF amplifier
\ PD

Integrated Heterogeneous Systems Design = F. Serra Graells




Introduction to Integrated Heterogeneous Systems CMOS Design-Trends Conversion-Basics ADC/DAC-FoM Lab 110/148

Impact of Technology Scaling

V¥ Increase of process variability

demands robust design techniques
g (VTH)

p(Vrn) Vruo

= 4.7%]0.25m

5.8%]0.18m

8.2%]0.13m
9.3%|90nm
10.7%|65nm

16(%’45nm

Vro

Vrao
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Impact of Technology Scaling

V¥ Increase of process variability
demands robust design techniques
Thermal noise: Dynamic range:

V¥V Supply-voltage downscaling

' ' KT Ves \~
can red_uce signal dynamic range 2 DR&( FS) < V2, C.
or require larger area Unout
Signal fs el Nominal VDD trajectory
V. / Vi bl o %
Samp|er in © ° Vout Lo loe [majority of designs] -
Cs L L e e A I L e e
n/ T =
W~ o D | *
dv? 2 :
v O
log —2out Qb e e g doe
Equivalent | state-ofthe-art ... | | | Y & + -+ & e
4KTRS_ﬁia\rea ..........................................
/ i © ADMS Design AB, www.admsdesign.com
X ! log f 107 ! 1 | | L
BW = T BW 6000 30002000 1200 800 500 350 250 180 130 90 65 45 32
2rRCs 2 Channel Length (nm)
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Impact of Technology Scaling

V¥ Increase of process variability
demands robust design techniques

V¥V Supply-voltage downscaling
can reduce signal dynamic range

or require larger area

¥ Matching parameters do rule

area savings vs circuit precision Avr

o) (AVTH) Y —

MW L
Depletion
layer
VNaxp, — ¥

Ay = \/§qc¢

1,

UAB Integrated Heterogeneous Systems Design

Rule of thumb: Ayrg ~ ImVum X ¢, [nm]

50

45f- -

40 -

T 20am] T 20wm
e o
- -2.50m. . -
35 .
‘2.50m
—_ 30 - o -
: ‘ ‘
RN - . E - -1.6em - -
- 25 ‘ ‘ o ‘
£ ‘ © 1.2am
£ .
R S - o
06my 0.80m ‘
15 .- , S S AR “Aread
of-.0um ~ Precision
0.354m . ‘
11| S M %0.70m - e c
0.18«m ®
S ®030am
0.120m| 0.250m :
0 1 1 1 1 1
0 10 20 30 40 50
tox[nm]
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Impact of Technology Scaling

V¥ Increase of process variability
demands robust design techniques

V¥V Supply-voltage downscaling
can reduce signal dynamic range
or require larger area

¥ Matching parameters do rule
area savings vs circuit precision

V¥ Noise statistics (time/freq) may be
modified at atomic scale

dv?sz: Ky 1
df MWL f

Classic flicker "macro" noise PSD

1 2 3 4 5 6 7 8 9 10
Time [s]
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C
[
Modern Trends r [
‘/in ’ 4‘ > Vout
All-MOS techniques L 44 _+ o
for circuit implementation |
C
e.g. MOS resistive
circuit (MRC): . A Compact area
VYour A Tunable resistance
T V¥ Technology sensitivity
supposing matched devices Vit Viwno C V¥V Distortion due to
operating in strong inversion worse mismatching
and non-saturation:
Ip:6|:v;un1_VTO_§< 5 )] ( 5 >+5 [munZ_VT0_5<_ 5 )] (— 5 )
Vin \ Vin )
Ipzﬁ(munl_mun2_n > ) 9
’ Izn - Ip_In - B (%unl - ‘/tun2) ‘/zn 1
V;'n V%n =
In - /6 (V;tunQ - ‘/tunl —n 9 ) 9 R B (‘/tunl - ‘/tun2)
/

UAB
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Modern Trends
DJLS Ve

All-MOS techniques Vop > g Vs €1

for circuit implementation I Best current
matching

VeB—VTH

IC-based low-power circuits

Low-current

Low-voltage Strong inversion

04 Moderate

M;E] )D CJ1 ’jMS C{ [f[/w Best Begg prr)\iler
T/alrga;alng efficiency
Iias @ Viﬁ"_o( M1 M2 )o—‘{mp o Vo :
. 8 2
C . — (Ve — Vrm)
M10 }‘ T -—C # Leakage 27
M6 | T Vload E :
v v HH e e ;
Vru Van
Y 1 H M - .
Ipx I; m Simple bias design by current and sizing selection
10x = Tex  (W/D)x m Independent from technology if Iy;.s x Is = 2nBU}
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Modern Trends

All-MOS techniques e.g. all-digital flash ADC:
for circuit implementation

ADC/DAC-FoM Lab

Voltage-controlled oscillator (VCO)

IC-based low-power circuits ‘

Low-current
Low-voltage o—o o . . . .

4[?0 | Couter

T-type flip-flop register

Time/frequency
domain processing

dout

N———
N

A Benefit of high-speed
CMOS technologies

¥ Non-linearity
V¥V Technology sensitivity

A Integer (coarse)
Residue (fine)

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Modern Trends

All-MOS techniques e.g. dynamic element matching (DEM) in SC flash DAC:
for circuit implementation

Technology
mismatc

IC-based low-power circuits

Low-current gJ— C_L” %_L

V:)ut

4 )
Low-voltage I
dzn o=7--=

_ R S S
Time/frequency N

I i Power —l—
domain processing v L

Digitally assisted
analog minimalist ‘

BW Frequency

V¥ Capacitor mismatching = binary weight non-linearity = harmonic distortion

V¥ Increase of circuit area according to Pelgrom's Law (AC) 1
s (24

c )= VWL

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Modern Trends

UAB

All-MOS techniques
for circuit implementation

CMOS Design-Trends Conversion-Basics ADC/DAC-FoM Lab 118/148

e.g. dynamic element matching (DEM) in SC flash DAC:

Technology
. . mismatc
IC-based low-power circuits
Low-current QJ_ Q_L%_L e
Low-voltage I ' i bt |
A i
Time/frequency 5 °£Vrs Vout
domain processing Power =
| Digital
| T e | 75T °
Digitally assisted | o o Vs
analog minimalist ‘ | Power <
BIVV Frequency :
A Thermometric scrambling = harmonic power spreading
A Frequency selective algorithm = mismatch shaping B Frequency

A Dynamic range improvement (or silicon area saving)

Integrated Heterogeneous Systems Design = F. Serra Graells
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Modern Trends e.g. master-slave
tuning strategy:

All-MOS techniques Vieo Ve c
for circuit implementation BN T
IC-based low-power circuits +2
Low-current q_—+>
Low-voltage N
8
Time/frequency

domain processing

Digitally assisted
analog minimalist

Technology independent
tuning strategies

‘/vco ‘/7‘€f ¢

A PVT (process, supply voltage, temperature) compensation

V¥V Area and power overheads

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Evolution of CMOS Technologies

Trends in Analog and Mixed IC Design

A/D and D/A Conversion Principles

ADC and DAC Figures of Merit

Lab proposal

Integrated Heterogeneous Systems Design = F. Serra Graells
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Introduction to Integrated Heterogeneous Systems

Signal Domains

Analog is related with
external world, like:

Sensor read-out

Wireless RF signal

Digital is common inside
electronic systems, like:

Computation

Stored memory

CMOS Design-Trends Conversion-Basics ADC/DAC-FoM Lab

Time

CI—
Vi e IT—
L
CT_

UAB

Amplitude
Continuous Discrete

=

o

e.g. pulse-width
modulation (PWM)

(7]

=

S

é Analog | Quanti
o

@)

£

5 | Samp

a)

A

| in Class-D audio
amplifiers
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Signal Domains
Sampling and

Quantization

» Analog is related with
external world, like:

= Sensor read-out

Amplitude

= Wireless RF signal Continuous  Discrete

» Digital is common inside
electronic systems, like:

Continuous

= Computation

Time

= Stored memory

Discrete

» Intermediate domains
present in A/D and
D/A interfaces

» Always finite dynamic
range and bandwidth!

Reconstruction

Integrated Heterogeneous Systems Design = F. Serra Graells
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Quantization amplitude

At quantization
.. quantization
Intrinsic error called step . thresholds

quantization noise @000 | L S

A quantization

output level

Uniform distribution
probability

Signal uncorrelated

time

quantization error

probability
€
_A 0 +A
2 2
estimated power:
1 [tE 1877 § independent from
QN = K/_A cde= 33 L 12 [rms] sampling frequency
> -4

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Introduction to Integrated Heterogeneous Systems

Quantization

UAB

Intrinsic error called
quantization noise

Uniform distribution
probability

Signal uncorrelated

N-bit quantization
(2"-1 decision levels)

Harmonic signal
full-scale occupancy

quantization error
probability

estimated power:

2

QN = % [rms]

Apg =2V A [peak-to-peak]

Ars [

(2 — 1) thresholds

Integrated Heterogeneous Systems Design

F. Serra Graells
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Quantization

Intrinsic error called
quantization noise

Uniform distribution
probability

Signal uncorrelated

N-bit quantization
(2"-1 decision levels)

Harmonic signal
full-scale occupancy

Signal-to-quantization-
noise ratio

UAB

quantization error
probability

estimated power:

2

QN = % [rms]

Apg =2V A [peak-to-peak]

harmonic analysis:

SQN Rypas = % = (2¥v13)’

SQN Rppay = 6.02N + 1.76  [dB]

L 1bit = +6dB

Ars [

CMOS Design-Trends Conversion-Basics ADC/DAC-FoM Lab

(2 — 1) thresholds

Integrated Heterogeneous Systems Design = F. Serra Graells
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Quantization " ratio
oo SDR
Intrinsic error called w] >
quantization noise
i L I Yo
Uniform distribution SENE :
probability SQND R N | SQNR
Signal uncorrelated 8
: "”L"SQNDR: oN T
N-bit quantization +20dB /dec
(2"-1 decision levels) +6dB /oct
Harmonic signal 0 | input amplitude
full-scale occupancy Apin Ao 0. [dBeg
noise Amas ™.,
Signal-to-quantization- floor full-scale

UAB
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signal-to-distortion

noise ratio A
DR =20log—=—= [dB] < SQNRma:

Dynamic range
considerations Only when no distortion is considered: DR = SQNR,,4.

Integrated Heterogeneous Systems Design = F. Serra Graells
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Sampling

» Nyquist rate

Fryq = 2BW
» Sub-Nyquist rate

generates aliasing

= Signal distortion

= Noise folding

» Qversampling
relaxes pre-filter
sharpness and
stop-band attenuation

A More compact circuits

V¥ Higher clock frequencies

ideal pre-filter

i Nyquist

i rate

' f

fs fs 2fs

2

Sub-Nyquist
rate
f
_3fs _2fs _fs _E é fs 2fs 3fs
2 2 éHasing

realistic pre-filter

Oversampling
rate

Area Power

A

UAB
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Sampling
fs
Switched capacitor Vin o= ° Vout
sampler model lcs switch
on-resistance
Thermal noise R o
equivalent circuit Vin o—'\ANv\l—o Vout % — 4KTR,
I
| dv?, . equivalent
& U - area
B 1 4KTR, -
- 21RO, '
—
A Capacitance only 2 I 1 _uprR BW gBW log f
driven design (KT/C) o 22mRC
V Large passive devices 2 =21
Cs v
Dynamic Pow®
. & area
1 range
V Low impedance loads DRx—— xcC,
Unout 4+3dB/oct
+0.5bit/oct

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Sampling
Ps
Switched capacitor Vin o= [ > Vour
sampler model lcs
Clock jitter causes
amplitude errors o I?IH ,
|
1/fs
. . €~ dvi At
Harmonic analysis dt
jitter
Apg probability
Vin = 5 sin (2r BW't) € = ApsmBW cos(2n BWt) At f 3§ o,
At

estimated power:

JN = (0;Apsmt BW)?

TBW 1
2BW / cos2(27rBWt)dt] = 5(ajAFS7rBIA/)2
0

/ cos?(z)dx = z
0 2

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Sampling
b5 [dB]
Switched capacitor Vin o= | > Vout
sampler model lcs
SQNDR
Clock jitter causes
amplitude errors SINRipaq 7777777777000 -
signal—té—jitter
ratio
Harmonic analysis SJQNDR = o
JN+QN + D
0 | input
0 amplitude
| [dB¢s]
JN = 5(ajAFSﬂ'BVV')2
A Negligible for if jitter effect is dominant:
low frequency
Aps/2V2 ’ 1 External
FS H
- e S A - —_ - mlC
¥ High accuracy SIN Rimas =2 <ajAFS7rBW> (2g;7BW)? D¥:§ oo reference
clock generator
—6dB/oct
—1bit/oct

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Sampling and Quantization e.g. 5-level quantization
Constant (white) _
error spectrum profile am pf‘i'tgu”dae'
error
amplitude

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Sampling and Quantization e.g. 5-level quantization

Constant (white)

: signal
error spectrum profile amplitude

error
amplitude

signal
amplitude

error
amplitude

2-times sampling rate

UAB Integrated Heterogeneous Systems Design = F. Serra Graells




Sampling and Quantization

UAB

Introduction to Integrated Heterogeneous Systems

Constant (white)

error spectrum profile

2 2
ON(p) = A2 _ 1A

fs/2 6 fs

Spread across
spectrum (fs/2)

[W/Hz]

Power spectral density (PSD)

Same power
(total area)

CMOS Design-Trends Conversion-Basics ADC/DAC-FoM Lab

Nyquist
rate

in-band

1 BW

N=-

ON=5T7 %
dependent from

sampling frequency

Az’

Oversampling
rate

Integrated Heterogeneous Systems Design

— f
f82

F. Serra Graells
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Power spectral density (PSD)
Sampling and Quantization

Same power

Constant (white) (total area) szg:eiSt
error spectrum profile
on( = 212 12wy f
fs/2 6 fs
in-band '
1BW ,~
Spread across QN = c——A° _
fs /2 fs Oversampling
spectrum ( S/ ) dependent from rate
sampling frequency
—> f
Oversampling ratio fs2
. s [ A? 1 )
OSR= 2% = o QN = 535 SONRypaw — (2 \/ﬁ) OSR
H . Dynamic
A Lower in-band noise SQN Ryas = 6.02N + 1.76 + 10log OSR  [dB] Range
V¥ Higher clock frequencies +3dB/oct
+0.5bit/oct

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Reconstruction A N

Signal interpolation
from discrete to
continuous time T [ W ‘ 1 T [ I

t

/ero-order hold 01, fs 2fs
(S/H like)

A A in-band
. . Ioss

Continuous-time p

low-pass | sinmE

filtering for fo wd
/\/H\/‘r f

alias rejection

V¥ Distortion due
to upper band ) 4
amplitude loss

V¥V High-frequency
residual contents

stop-band
attenuation

A Attenuation by . [\ S
oversampling | | g

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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A/D and D/A Converters

Typical pre and post signal processing stages around ADC and DAC...
pre AGC/ anti
amp limiter alias

input HD% : %<ADC decimator
signal core

analog clock m DSP
frontend generator

output DAC .
signal % %<core <— interpolator

power reconstruction
amp

&

(e

...out of the scope of this coursel!
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Evolution of CMOS Technologies

Trends in Analog and Mixed IC Design

A/D and D/A Conversion Principles

ADC and DAC Figures of Merit

Lab proposal

Integrated Heterogeneous Systems Design = F. Serra Graells
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Static FoMs digital _
output e.g. 3-bit ADC transfer curve
Least significant bit (LSB):  except for Cmag —========------oo-oo-oo-ooo 7
full-scale A e
\LSB = AFrs bou'ndaries! i 4 | (5:5—LSB
2N —1 ! .
o ! biased!
Absolute accuracy is +0.5LSB g i
/ |
DC transfer curve ¢ BMSB A |
_ ] |
i a |
Al |
1LSBI R |
- |
7 | |
0 A | | _ analog
I I I I I I |
0 ) Aps Input
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Static FoMs digital .
output e.g. 3-bit ADC transfer curve
Least significant bit (LSB): e 7o 12
|
. AFS — j /// !
1LSB = oN _ 1 gain / . :
error J/ e :
_| // ~ |
Absolute accuracy is +0.5LSB . A4t |
Y, s [
_ / |
DC transfer curve ¢ AT |
] /I 77 |
. g offset !
¥ Gain and offset errors 1 A A error |
)% |
/1, |
_ / 1z 7 [
/ # :
0 I | _ analog
| | | | inout
0 ) AFS inpu
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Static FoMs digital

output e.g. 3-bit ADC transfer curve

Least significant bit (LSB): Cmaz o==========------- ---T

7

|

|
Afs < :
N _ 1 , |
missing cod / "

Absolute accuracy is £0.5LSB . |

, nonllmonotonic

1LSB =

i : |
DC transfer curve ¢ BMSB g

V¥ Gain and offset errors ,

|

|

[

|

|

|

[

Pl |
7 |
|

[

[

[

|

|

¥ Non-monotonicity | .
and missing codes

analog
input

0 ) Aps
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Static FoMs

Least significant bit (LSB):

Ars

1LSB =
S 2N —1

Absolute accuracy is +0.5LSB
DC transfer curve
V¥ Gain and offset errors

¥ Non-monotonicity
and missing codes

Differential non-linearity (DNL)

DNL(c) = A(c) — A(c—1) —1LSB

UAB
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analog

output e.g. 3-bit DAC transfer curve
Apgm=="-mmTmT oo —
i
Z |
|
7 I
7 |
|
7/ |
4 |
; |
S I
A / :
d |
|
7 |
7 |
7 [
/ |
A |
/ |
MSB !
oL N | digital
| | | T i
0 e Input
c
DNL
> .
psp | PN Z RO cavses i codes
2 [
LSB o
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Static FoMs .
33&%% e.g. 3-bit DAC transfer curve
Least significant bit (LSB): Apg === = m e —
. Aps .’ i
ILSB = 75 r :
Absolute accuracy is £0.5LSB g |
A |
DC transfer curve A 77! end point
i e "~ (vs best
¥ Gain and offset errors A" ' stright line)
7 Phd : methOd
¥ Non-monotonicity i
and missing codes j ot A
o8  _ digital
. . . . 0 ! ! ' ' input
Differential non-linearity (DNL) 0 c Cmaz
DNL(c) = A(¢) — A(c— 1) — 1LSB INL
LSB |\
Integral non-linearity (INL) 2 O T g T
INL(c) = A(c) — A(0) —m - ¢ 0 —> ¢
LSB \
. A(maz) — A(0) —3

Cmax
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Dynamic FoMs

Based on single or multiple
harmonic stimulus

Sampling rate:

. +20dB /dec

+6dB/oct
Oversampling ratio (OSR):

OSR = Js 0 - input
fnyq Anin Aopt :;" 0 amplitude
A / [dBFS]

Signal to noise and distortion

ratio (SNDR or SINAD) Dynamic range (DR):

Effective number DR = 20log Amas [dB] > SNDRpa.
of bits (ENOB): Amin

SNDR,pqae[dB] — 1.76

ENOB =
6.02

UAB Integrated Heterogeneous Systems Design = F. Serra Graells




Introduction to Integrated Heterogeneous Systems

Combined FoMs

CMOS Design-Trends Conversion-Basics ADC/DAC-FoM Lab

7
1073 = —
] X
er o 6 X
Quantitative 10° 5 o
expression E X0 i
].05_5 =2
E X Q P
Performance and ] B oy
resources mixed = 10%; oo X
= ] =
. . g 103 - lad
A Objective rule for < =
design comparison < ]
purposes 073 o
10" 4 SAR
Examples for ADC: ; Flash
o] Pipeline
10 5 Other
R.H. Walden (1999) 5 FOMg = 187dB
10_1 T T T I T T T T T
Pp 20 30 40 50 60 70 80 90 100 110 120

FOMy =

T 3BNOD [J /conv-step]
nyq

R. Schreier (2005)

FOMg = SNDR,,42 + 101log Jnyq [dB]

2Pp

UAB
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SNDR oy [dB]

B. Murmann
ADC Performance Survey 1997-2022
github.com/bmurmann/ADC-survey

F. Serra Graells
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Introduction to Integrated Heterogeneous Systems

Evolution of CMOS Technologies

Trends in Analog and Mixed IC Design

A/D and D/A Conversion Principles

ADC and DAC Figures of Merit

Lab proposal
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My AXM in CNM25

Second-order single-bit A/D
A% modulator design case

A Simple 2.5pm 2P2M
CMOS technology (CNM25)

(v plot1:SQNDR=97.64dB (15.93bit) for -6dBFS@2kHz input - SpiceOpus Plot - + x ]
PSD [dBF S/hin)

L ]

-40

METAL2

-100

=

1000 10000 100000 1e+06
Frequency [Hz]
Curve: <space> @ 4
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Second-order single-bit A/D
A% modulator design case

A Simple 2.5pm 2P2M
CMOS technology (CNM25)

UAB

My AXM in CNM25

Architectural
HDL simulation

From system HDL simulation...
...to full-custom layout

querying device properties (q)
T T e e

it | oty | _oote
e 1]
TS0 T ST

aaaaa

o0 APS
t3256

le_View edit_Creste ety Foorlan Tools window _belp
PAOOHFL hEH— (0]

I~ Special Net
Report on total extracted sin birection [0 - e
device count and on any
short circuit error. NonDefault Rule nst pins [10
Net Use [SIGNAL ]
querying net properties (q) | [stName [cellname [pinName | special? |
@ Cm25cpolySIT300L8001IIL. . B Talse
Mo cnm25modpsi(12000,60001. D false
n: cnm25modns(112000,120001... B false
M2 enm25modns{12000,120001, D flse

HDL specs

Feedback DAC

Block

Automatic

circuit optimization

Response - SpiceOpus — + x

- SpiceOpus Command Window — 1 outvotage

CMOS Design-Trends Conversion-Basics ADC/DAC-FoM Lab

Initial specs

void cm_zinteg2lim(ARGS) {
inp = INPUT(inp);

clk = INPUT_STATE(clk);
pos_edge = PARAM(pos_edge) ;
out_max = PARAM(out_ax);

switch (ANALYSIS) {
case TRANSIENT:
if ((*clk_mem==0NE)&& (c1lk==ZER0))
if (pos_edge==FALSE)
action = SAMPLING_INTEGRATION;
} else {
if ((*clk_mem==ZERO)&&(clk==0NE))
if (pos_edge==TRUE)
action = SAMPLING_INTEGRATION;
} else {
action = HOLDING;

File_Edit_Control_Window Help

o s

e space> @

My layout

Physical
verification

Integrated Heterogeneous Systems Design

1y

bbb,

Tive sl

it

feston

i

PCell-based
layout design
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My AXM in CNM25

Second-order single-bit A/D
A% modulator design case

A Simple 2.5pm 2P2M
CMOS technology (CNM25)

From system HDL simulation...
...to full-custom layout

A Freeware and multi-OS
(MS Windows, Linux) EDA tools:

Glade (schematic/layout edition and physical
verification with Python user language)
peardrop.co.uk

SpiceOpus (SPICE/XSpice mixed-signal simulation

CMOS Design-Trends Conversion-Basics ADC/DAC-FoM Lab

Glade

SpiceOpus |

Architecture HDL
-2 simulation '
- HDL

XSpice
Schematic
design

Glade

SpiceOpus

optimizer ‘-7

Glade
python

python

gemini
Physical
design

fastcap

SpiceOpus
Spice3

Glade

and circuit optimization with NUTMEG user language)

fides.fe.uni-lj.si/spice

A Work at home and tutorial at lab!

UAB
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Physical design kit
(PDK)

IC
functional
— specifications

System-level
schematic

Custom symbols
and netlsiting rules

Standard/custom
behavioral
code models

Block
specification

Device symbols

Circuit-level
i and netlisting rules

schematic

Process and
mismatch
device models

Automatic

circuit optimization

PCell-based and
netlist-driven layout

PCell layout
generation code

www.cnm.es/users/pserra/apdk/

Design rule
checker

Layer boolean ops
and rules script

PCell extraction
code and
matching rules

Layout versus
schematic

3D parasitics
extraction

Technology
cross section

Portable MS Windows version:

www.cnm.es/users/pserra/uab/ihsd/lab.html

Post-layout

. . Parasitics models
simulation

Layer map table

Tape-out
@ Mask making
Wafer processing
Screening
Dicing
Semiconductor = Packaging
Foundry

IC
prototype
N samples
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