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How we got to the Transistor

 The original problem from which it all started:
» Telephone connections over long distances were difficult as signals were heavily attenuated
» Need for an “amplifier” to connect US East-and-West coast with telephone lines

Analog telephones
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Connected by long cables
with large attenuation

Vacuum tubes allowed to
build amplifiers
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How It all started — The early days (pre-silicon)

Automation Computation
e ——————————

Jaquet-Droz automata: 1768 _ . ENIAC (1946)
Mechanical system carrying Babbage Difference Engine: 1834*

out a sequence of movements Punch card, steam-driven machine

18,000 electronic valves, weighed 30
- that can run a program ’ ’
Shown in Neuchatel Art and :
*Physically built only in 1991 Tons and consumed 25kW: 100,000

History Museum (still functional) calculations a second.
()
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First Universal Electronic Computer.




When ENIAC did not work
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‘Inventor of the infamous Bug!

rewSterurray Hopper
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How we got to the Transistor

 Telephone repeaters had 1000s of vacuum tubes, producing enormous heat

= American Telephone and Telegraph (AT&T) set out to solve this problem and build a more
efficient amplifier

= AT&T research:
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How It all started — The era of the Transistor

e 1948: Point Contact Transistor invented
at Bell Labs
= William Shockley had devised the theory in 1947

= John Bardeen and Walter Brattain built the first
prototype

= Made from Germanium

 Served as the basis for the BJT which
followed soon after and showed much
better behaviour

* First transistors commercialized by
Texas Instruments in 1954 for portable
radios

B

icue  Fall 2020 EE-429: Fundamentals of VLSI

: (¢




Planar Process: the Key to Large Scale Integration

« 1958: Integrated Circuit invented
by Jack Kilby at Texas Instruments
and Robert Noyce (co-founded Fairchild
and later Intel)

* Integrated circuits combine multiple
devices on a single substrate
= First ICs were about 50 USD in quantity

« All devices are manufactured in parallel

= |n principal, the fabrication effort is independent of
the number of devices

= Key to enable scaling

Fairchild 1961 (Flip Flop)
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The First Digital Integrated Circuits

 The first integrated circuits were based on Bipolar Transistors (BJTs)

= BJTs: current controlled devices A—}
= Transistor-Transistor Logic (TTL) introduced in 1964 ° 0+Vee
| Circuit C
Emitter Collector Symbol
—' N | P
_Base D oOutputs
' IE ‘. IE
AT
VElE Digital Logic
| |
1] |
- Pocket Data Book
semiconductor Emitter Base Collector

ST
e R
1
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Transition to (C)MOS - Invented In 1963

* Issue of TTL logic: power consumption even without any activity
« Solution: CMOS based on voltage controlled Field Effect Transistors

= No static power consumption A—} ’
Drain (D} B— 1
Gate i ) Q1 QE
— —
| — — |_
Gate (G) '
Qutput
Source () —
Og [—
N-channel Input, |
Drain (D) —
- Inputg Q. "",__
A
Gate (G) .’ =
Bulk Source (S)
(b)
P-channel
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Moore’s Law (1965)

« Gordon Moore (INTEL CEO) writes his famous paper entitled:
“Cramming more Components onto Integrated Circuits”

* He predicting that “by 1975, the number of components per
Integrated circuit for minimum cost will be 65,000"

* “The number of transistors on a chip
doubles every 18 to 24 months.”

 Remarkable: his prediction is based
on only 4 data points

LOG, OF THE NUMBER OF

COMPONENTS PER INTEGRATED FUNCTION
PRERPRRRR
ORNWAUONOWOORNWANUIO®

S
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mmmmmmmmmmmmmmmmm
HHHHHHHHHHHHHHHHH

Electronics, April 19, 1965.
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(C)MOS Enabled Larger Number of Transistors

« 1968: Noyce and Moore left Fairchild to start INTEL

« 1971: Intel introduces the first microprocessor, the 4004 (originally designed
as a special circuit for a customer)

4-bit Microprocessor
740 kHz clock
92’000 instructions / second

2’300 transistors
10us p-MOS process
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From this point on technology progressed rapidly

 The Transistor Era
» 1960 — First MOSFET Fabricated
= 1962 — TTL Invented
= 1963 — CMOS Invented (solve TTL Power issue)
» 1964 — 1-inch silicon wafers introduced
= 1965 — Moore’s Law = TECHNOLOGY DRIVER
= 1967 — Floating Gate invented |
= 1970 - First commercial DRAM (1Kbit) by INTEL
» 1971 — First Microprocessor from INTEL
= 1978 — Intel 8086/8088
= 1981 - IBM PC is introduced
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16-bit Microprocessor
5-10 MHz clock 1 kbit DRAM
29’000 transistors 300ns access time
3us CMQOS process




Planar CMOS Transistor

« CMOS requires two types of transistors: NMOS and PMOS
NMOS PMOS

i A
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Printing Transistors
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Layout/Mask preparation in the 1960s

Mask carved out of Rubylith by hand




Layout Masks Today

* Designed with modern EDA tools on the computer

s T
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Mask Production

 Photo masks are produced with eBeam process
= Masks are incredibly expensive (millions), but they are the basis for millions of chips

-

Million USD

i Mask Costs

9

6 I
e

o m

Layout with multiple
layers

Multiple masks:
« Complex processes
need more masks

-G (&)
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From “Sand” to Wafers

 Chips are made from Silicon, jUSt as Sand, but with a purity of 99.999999999%

Wafers: size has grown over time.
TODAY’s standard: 12” (300mm)

Czochralski process. Weights hundreds of kilos and costs 20k USD
-(I’fl-



https://en.wikipedia.org/wiki/Czochralski_process

Manufacturing Example

« CMOS integrated circuits require active devices and interconnect

« Active devices: nMOS and pMOS transistors
= Made from doped silicon regions

* Interconnect: wires that connect the devices
» Made from different metal layers and vias that connect these layers

« Example: CMOS inverter A
= Cross section: GND Voo Si0,
[ ] n+diffusion
[ 1 p+diffusion
polysilicon
AT metall

nMOS transistor pMOS transistor
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Mask Sets for an Inverter

« Transistors and wires are defined by masks
» Cross-section taken along dashed line

AR
N
cd--+-__ L LU (REEE -..&
()
GND x -
nMOS transistor pMOS transistor

substrate tap

well tap

 Modern technologies require dozens of

different masks
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Basic Fabrication Steps

o Start with a blank wafer

p substrate

(|
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Basic Fabrication Steps

 Start with a blank wafer
* Grow SIO, on top of Si wafer

p substrate
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Basic Fabrication Steps: N-Well

« Start with a blank wafer

* Grow SIO, on top of SI wafer

« Spin on photoresist (light sensitive organic polymer)
» Hardens or softens when exposed to light

Photoresist

p substrate
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Basic Fabrication Steps: N-Well

Reticle
« Start with a blank wafer
* Grow SIO, on top of Si wafer
« Spin on photoresist (light sensitive organic polymer)
» Hardens or softens when exposed to light
 Expose photoresist through n-well mask
= Stepper: replicate image across wafer (limited exposure area) i smogaen
« Strip off exposed photoresist

Waler

: Photoresist

SiO

2

NOand

p substrate
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Basic Fabrication Steps: N-Well

« Etch oxide with hydrofluoric acid (HF)
» Only attacks oxide where resist has been removed

p substrate
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Basic Fabrication Steps: N-Well

« Etch oxide with hydrofluoric acid (HF)
» Only attacks oxide where resist has been removed

« Strip off remaining photoresist with mixture of acids called piranah

p substrate
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Basic Fabrication Steps: N-Well

« Etch oxide with hydrofluoric acid (HF)
* Only attacks oxide where resist has been removed

« Strip off remaining photoresist with mixture of acids called piranah

* n-well is formed with diffusion or ion implantation
= Diffusion: Heat wafer in furnace with arsenic gas until As atoms diffuse into exposed Si
* |lon Implanatation: Blast wafer with beam of As ions (blocked by SiO,, only enter exposed Si)
[ [

=Si=Si_=Si= — Si—Si—Si—
[ [ ——

—Si=—As=—Si=— —Si— B =—Si—
[ — [ —

—Si=—Si=—Si— — Si—S|i—Si—
[ A

‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ Group V element Group Il element
to create n-type to create p-type

| | S|02 GND ’ 7 Voo sio,

n well
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Basic Fabrication Steps: N-Well

« Etch oxide with hydrofluoric acid (HF)
* Only attacks oxide where resist has been removed

« Strip off remaining photoresist with mixture of acids called piranah

« n-well is formed with diffusion or ion implantation
= Diffusion: Heat wafer in furnace with arsenic gas until As atoms diffuse into exposed Si
= |on Implanatation: Blast wafer with beam of As ions (blocked by SiO,, only enter exposed Si)

« Strip off the remaining oxide using hydrofluoric acid
» Back to bare wafer with n-well

n well

p substrate
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Basic Fabrication Steps: Gate Oxide & Polysilicon (Gate)

 Deposit very thin layer of gate oxide
= 45nm technology has a 1.2nm thick layer (about 5 atoms!)

 Chemical Vapor Deposition (CVD) of silicon layer
= Heavily doped to be good conductor

Silicon

e S S S S S S S S S sy Polysilicon

................................................... Thin gate oxide

p substrate
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Basic Fabrication Steps: Polysilicon (Gates)

« Deposit very thin layer of gate oxide
= 45nm technology has a 1.2nm thick layer (about 5 atoms!)

« Chemical Vapor Deposition (CVD) of silicon layer
= Heavily doped to be good conductor

 Use same lithography process to pattern polysilicon

%x """"" e ﬁ
................ R LI TS ANy SETPRPRRPRT TP RN
5"'-“‘ Polysilicon
N\ N
™. ] Polysilicon
Thin gate oxide "%~ W~ = C3 e
—
n well % .
p substrate
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Basic Fabrication Steps: N-Diffusion

= N-diffusion forms nMOS source, drain, and n-well contact
» Use masking to expose where n+ dopants should be diffused or implanted

p substrate
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Basic Fabrication Steps: N-Diffusion

= N-diffusion forms nMOS source, drain, and n-well contact
» Use masking to expose where n+ dopants should be diffused or implanted
« Expose where n+ dopants should be diffused or implanted

= Self-aligned process for forming the diffusion regions
« Self-aligned=use oxide as additional “mask” to protect the gate regions from implants

p substrate

n well
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Basic Fabrication Steps: N-Diffusion

N-diffusion forms nMOS source, drain, and n-well contact

Use masking to expose where n+ dopants should be diffused or implanted

» Expose where n+ dopants should be diffused or implanted

Self-aligned process for forming the diffusion regions

» Self-aligned=use oxide as additional “mask” to protect the gate regions from implants
“Diffusion” usually done today by lon Implantation

0l
=Si=— Si_= Si—
Ll
—Si=—As=—Si—
(.
—S8i=S8i=Si—
0l

HHHQHHHHH;

‘ ‘ ‘ ‘ ‘ ‘ Group V element
to create n-type
g U N

p substrate
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Basic Fabrication Steps: N-Diffusion

= N-diffusion forms nMOS source, drain, and n-well contact

» Use masking to expose where n+ dopants should be diffused or implanted
» Expose where n+ dopants should be diffused or implanted

= Self-aligned process for forming the diffusion regions

» Use oxide as additional “mask” to protect the gate regions from implants
= “Diffusion” usually done today by lon Implantation
= Strip off oxide to complete patterning step

n+

n+

p substrate

n well

n+
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Basic Fabrication Steps: P-Diffusion

= Similar set of steps form p+ diffusion regions for pMOS source and
drain and p-substrate contacts

= Negative photomask: exposed regions are protected from implants

p+ Diffusion

n well

p substrate
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Basic Fabrication Steps: P-Diffusion

= Similar set of steps form p+ diffusion regions for pMOS source and
drain and p-substrate contacts

= Negative photomask: exposed regions are protected from implants

= Si=—=Si=—=Si—

|| |.+ ||
.
.

—Si— B —Si—
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Basic Fabrication Steps: Contacts

= Now we need to wire together the devices
= Cover chip with thick field oxide
= Etch oxide where contact cuts are needed

Contact
'''''''''''' R ... AR R AR R RRRRE . K .H"'.. Taatet: HRRRRRE i : .
) [EEEH] H T N i FEEESH Thick field oxide
p+ n+ n+ p+ p+ n+
n well

p substrate
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Basic Fabrication Steps: Metalization

= Sputter on aluminum over whole wafer

= Pattern to remove excess metal, leaving wires

p substrate

n well
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Silicon Fab

(|
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- Manufacturing

A fab costs
4-5 Billion USD

@8k USD/wafer

Fab.r“iCéted Silicon
Price/g = 70 USD/g
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loNn as a driver
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L ets check Moore’s Law ...

« Today, we have many different types of integrated circuits
10E+12

b
|
10E+11 - o
10E+10 - : s ;4*:.
1.0E+9 - . 1:* i‘*h""
PR Y e Some growth-rate
E | " el variation depending on
10E+7 - : : .
g s ug*? o bRAM the field, but generally
*’g HOE6 1 . ; * ® NAND Flash (3D) still 40-60% per year
C 10E+5 - * IAN
- o ;- ® Apple APU
10E+4 - '* - & intel PC MPU
+* ® Intel Server MPU
10E+3 - A Nvidia GPU
10E42 +————t+—+—+—+—+—+——+—+————————————

F1 7375777981 83 858789919395979901030507091113151719

Sources: Intel, SIA, Wikichip, IC Insights
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Testing

* Not all chips work as expected...
« Testing discards broken or not well performing chips

https://www.youtube.com/watch?v=FnLNBkxZFR8
P
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https://www.youtube.com/watch?v=FnLNBkxZFR8

Technologies for Integration

 Package
= Houses and protects the chip

= Spread the pins of a chip to
a larger grid that can connect
to a printed circuit board

» Provides heat sink
= Made of ceramic or plastic

WIRE BOND

Mol Compaund

Salder Ball

Redistributiggp CHIP
layer(s)

N

Epoxy Underfill Die

* Multichip Module & Silicon Interposers (2.5D)

= Multiple chips mounted directly
on a common substrate

= Connectivity and interface to PCB
= High level of integration

= Connections with short
wires and high density

-(I’fl-
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High-bandwidth,
low-latenc y connections

hrough-Silicon Vias (TSV)
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http://images.yourdictionary.com/flip-chip
http://www.google.ch/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&docid=T7TdhDQIv1cYbM&tbnid=t_576mb4t80cIM:&ved=0CAUQjRw&url=http://www.pradeepchakraborty.com/2010/10/xilinx-announces-first-stacked-silicon.html&ei=WZ4gUfCRA8zitQaEhIHQBA&bvm=bv.42553238,d.Yms&psig=AFQjCNHaR_zFEsiTxcAPzGTlfqOCBrcN6g&ust=1361178563366805
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VLSI Performance Metrics

COST
* In VLSI design involves more than one performance metric:

Density/cost Power Speed Reliability

 The “NO FREE LUNCH THEOREM”:
Improving on one metric generally —
involves a penalty on another metrics 1\ | gouthink?

* For every circuit, we have to evaluate

Son, lj a deal
s 100 good to
oe i"ut.:‘. then

t usually is

TR i ey -4 00 7 R/ AN TR
the specifications and choos_e the right | 2 ?‘Li_ﬁv &CREn
trade-off that meet any potential hard — - N Y
constraints on some metrics
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Moore’s law on other metrics... ®

Source: Intel

10000 G . Sun’s
Rocket o’ Surface
_ Nozzle |
‘€1000 |
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> Power and
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o are increasing
e 8086 Hot Plate—p_»
$ 10 %004 - P
S 8008 8085 #3386 ¢ Pentium®
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Moore’s law on other metrics...

107

10°

1970
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Hennessy/Patterson
42 Years of Processor Data opianr e
! ' ' H. Sutter ' * Transistors
[~ “Free Lunch is Over” 3 1 (1000s)
ik r
“First Reconfigurable Wave" i‘ " ‘:,
B Adaptive Silicon, Elixent, Triscend, T
Morphics, Chameleon Systems, 1 .
CQuicksilver Technology, Mathstar r & 3 "" Single-Thread
- : i aata —| Performance
ﬂ L ’ (SpecINT x 109)
F. Brooks .. }
B Aoy ot 1
“No Silver Bullet” A Frequency
‘ [MHz)
B Moores @ o WS oo 3} R
Law S el Typical Power
* " (Watts)
v \ Number of
& Logical Cores
| = . 4
A = 5
ke . v
— ‘ & *

S S S —

1980 1990 2000

2010 2020

Hennessy and Patterson, Turing Lecture 2018, overlaid over “42 Years of Processors Data”
https://www.karlrupp.net/2018/02/42-years-of-microprocessor-trend-data/; “First Wave" added by Les Wilson, Frank Schirrmeister
Original data up to the year 2010 collected and plotted by M. Horowitz, F. Labonte, O. Shacham, K. Olukotun, L. Hammaond, and C. Batten

New plot and data collected for 2010-2017 by K. Rupp
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Petaflop/s-day (Training)

MCPr\- ()
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The End of the “Happy-Scaling” Era,

1, Maintaining progress ,,
2|%G requires design /
() () H H . . .-
£l Innovation : /L Severe variability
| > rriva /. S
S| & V4 and reliability issues
g é , - 120 _— - =
7 ~ o S 100 DLe;iargz e m:,_..!:..ffﬂ;.::m
New Applications: Al 2 S 80| g Dynamio
2 60 -
g 40 Source: Intel
2(()) m m B ﬂ
250n 180n 130n 90n 65n 45n - -
Vanishing energy and
performance benefits
& 15
122 Mask Costs
. ; i 9 6
Increasing complexity 23 H H
https://blog.openai.com/ai-and-compute/ Time 0 momA
[ Process -4 180 130 65 40 28
: >
(1 - 7Y Skyrocketmg costs
£x) o ' WORK! 4

DUE TO THE CURRENT
WORKLOAD, THE LIGHT
AT THE END OF THE
TUNNEL HAS BEEN
S SWITCHED OFF adl

More processing in a
reduced power envelope




Challenges ahead ...

 Moore’s law continues, but keeping it up and living with its consequences
becomes increasingly difficult

oc DSM oc 1/DSM
“Microscopic Problems” “Macroscopic Issues”
« Ultra-high speed design Time-to-Market « Time-to-Market
e |[nterconnect ‘ - P’ariésitic's' 5| * Millions of Gates

* Noise, Crosstalk Miuions of Gates  High-Level Abstractions Needed

- Reliability, Manufacturability * Reuse & IP: Portability
- Power Dissipation w  Reliability * Predictability

* Clock distribution. * etc.
Everything Looks a Little Different ...and There’s a Lot of Them!
MNP\
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The Crystal Ball of Semiconductor: ITRS

* |ITRS: International Technology Roadmap for Semiconductor
= Industry consortium founded in 1998 to predict the future of the semiconductor industry
» Published a bi-annual report that predicted the future trends in various topics around the

ECOLE POLYTECH
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semiconductor industry

Year 2009 2012 2015 2018 2021
Feature size (nm) 34 24 17 12 8.4
Lgatﬂ (nm) 20 14 10 7 5
Vop (V) 1.0 0.9 0.8 0.7 0.65
Billions of transistors/die 1.5 3.1 6.2 12.4 24.7
Wiring levels 12 12 13 14 15
Maximum power (W) 198 198 198 198 198
DRAM capacity (Gb) 2 4 8 16 32
Flash capacity (Gb) 16 3 64 128 256

nioue  Fall 2020
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The ITRS Successor

« The ITRS was upgraded in 2014 to the ITRS 2.0 split into working groups

= Motivation: reflect better the changes in the industry to new technologies and toward systems
)

* In 2014, ITRS was “retired” and replaced in 2016 by the “International

Roadmap for Devices and Systems” (IRDS) to reflect the system focus

YEAR OF PRODUCTION 2018 2020 2022 2025 2028 2031 2034
G54M36 G48M30 G45M24 G42m21 G40M16 G40M16T2 G40M16T4
| Logic industry "Node Range" Labeling (nm) i 2 5" “3" *2.1° "4.5% “1.0 eq" “0.7 eq"
IDM-Foundry node labeling i110-f7 i7-f5 15-13 i3-f2.1 i21-f1.5 i1.5e-f1.0e i1.0e-f0.7e
Logic device structure options FinFET finFET '&‘;EI LGAA \l;g:: L(\;(eAAf - Lmb
Mainstream device for logic finFET finFET finFET LGAA LGAA LGAA-3D

https://irds.ieee.org/editions/2020
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https://irds.ieee.org/editions/2020

Foundry Roadmaps in Times of Consolidation

Logic/Foundry Process Roadmaps (for Volume Production)
2006 2017 2018 2019 2020 2021 2022

Intel

Samsung

sSmcC

GlobalFoundries

SMIC

umc

Note: What defines a process "generation"” and the start of "volume"” production varies from company to
company, and may be influenced by marketing embelishments, so these points of transition should only be
seen as very general guidelines.

Sources: Companies, conference reports, IC Insights
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Technology Big Picture & Trends

Functional diversification (more than Moore:)>
Traditipnal
Ull'?,modeis ang/RF HV power , Passives asc‘iﬂg?gfs Biochips

130nm \\\ | \ Interacting with people and environment%
g Non-digital content
90nm G System-in-package
<D (SiP)

Information
processing

32nm| | ' pigital content
.~ System-on-chip
(SoC)

(Geonietrical and equivalent scaling)
baseline CMOS: CPU, memory, logic
&
-
3
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DTCO: Scaling Beyond the Circuit/Device Level

Progress will not only depend on device & circuit technology alone

c
=
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O
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ARCHITECTURE COMPUTE-NEAR/IN-MEMORY e

SYSTEM 3D HETEROGENEOUS INTEGRATION

CIRCUIT  STANDARD CELL TRACK HEIGHT SCALING

DEVICE FmFET 7 Nanowire-like/3D stacked device

DIMENSIONAL - e Hight NA EUV 2 e

|4pm , 2nm |.5nm <

t  Fall 2020

2026 Year of

t .
I*¢ introduction

IMEC, ISSCC 2020

2014
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IMEC: Changes on Device Level Necessary

 Improvements to device structures based on CMOS, aiming for higher
density and better gate control
FINFET NANOSHEETS FORKSHEET

gate stack

Fin aspect ratio increase Improve electrostatics Reduce the N-P separation
Fin depopulation: #fins/device Increase drivability
-
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IMEC: Backend Innovations

Buried Power Rail

Buried Power Rails (BPR)

(|
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Web Sites and Links

« Lots of history and fun-facts about the transistor:
https://www.pbs.org/transistor/

 Youtube shorts

= Silicon Doodles: https://youtube.com/playlist?list=PL9E0ZAzU -
bTAFJ1G PnHalL7nAvmYSOPyl&si=UmtzisiljjGYdupp

» Chip closeups: https://www.youtube.com/@EvilmonkeyzDesignz/featured

* Youtube channels on VLSI Technology and Design
= News and latest VLSI technologies: https://www.youtube.com/@AnastasilnTech

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE
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https://www.youtube.com/@EvilmonkeyzDesignz/featured
https://www.youtube.com/@AnastasiInTech
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VLSI

Design Styles vs Implementation Options

N

O
>
(g Full Custom Semi Custom
2
)
S
g Masked
S aske
EZ ASIC Gate Array Programmable
£ )/l\
FPGA PLD CPLD
more flexible less flexibl
lower cost

ECOLE POLYTECHMN
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higher effort
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VLSI Design Styles — Full Custom

. Advantages [ Schematic |,
= Everything is done on device/transistor level Entry )
» Full control over all device parameters |
» Full flexibility w.r.t. circuit topology Analog
= Excellent performance Simulation
= Very high accuracy in simulations
= No strict separation between analog and digital parts Y
= Still the only option for analog design Manual |,
Layout J
 Disadvantages y
= Everything is done manually [ o Lich’“t }
« Limited design capacity (size) to few hundred devices eck/Extract
* Long design time and limited re-use
= No abstraction/approximation Post- Layout )
* Slow Simulation J

o
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VLSI Design Styles — Full Custom

« Schematic Entry

Virtuoso® Schematic Editer L Editing: MyLib MUX_2_1 schematic <@lsmsrv2.epfl.ch=

Launch File Edit View Create Check Options Migrate Window UMC Utils Help

v 0 X

cadence

(I T I ™ ¢

- -

& 0@ x Q T, ¢ -7 rIQAE VL LR

Workspace: | Basic BE G [l Cl 1.[}; ay T | E (i- B-

Havigator

‘?ﬁlx|

Show: " Default

Search: Q n v

W10 (P_16_MM)
W11 (P_16_hiN)

Property Editor 7.8 x|

(C)instance B Al n
Made Mame n_16_mm

Total Width ~ 300n M
Finger Width 300n M

Lengif 160.0n M
Finger a1
is_ifag 1

Sowree Dpa.. 400.0n M| =
AL AL FL L Talse

Drain diffuz... 2.296e-13
Source diff.. 2.296e-13
Drain diffus.. 2u M

Source dif. 2u M |
felsidiiier 1

MName M0

mouse L: schSingle SelectPt()
15(23) | »

M: schZoomFit{1.0 0.9)

R: schHiMousePopUp()
| cme: Set: 1 ]

(|
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VLSI Design Styles — Full Custom

« Simulation using Spice or Spectre

e00

X/ Virtuoso (R} Visualization & Analysis XL
Fle Edit View Graph Axis Trace Marker Measuremenis Tools Window Browser Help

P % @ E'j ® Layout: Auto n i 2ni Resy n

cadence
Worksy : | Classic n'?u @0
QO a @ « B Data Point

L NE XN
Kl  DC_Test

il
1 Tran_Test [
Transient Response

Hame

& 1.6e-07

< 1.6e-07

|

e Em—— ] E—

I—‘\—l

0 fQout<0>

mouse L:
2(5) | no error

(|
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VLSI Design Styles — Full Custom

« Layout: layers represent the masks for production

Metal4 or Thick Metal

Metal3 WIM Capacitor

Metal2

Metall
POLY1-POLY2 Capacitor

sssss

P-Well \ N-Well /

N-MOS P-Substrate

Input

n-well

?

|

[

.

n-type S p-type
GND diffusion Qutput diffusion vDD

(|
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Sowrca ! Oraln Contast cuis (CONT]
Ciffusions (DIFF) Mesal Connectian (MET1)

.

M+ Implant Falyslicon Gaie Sl { P+ Implant
MPLLIS) (POLY1) M-l {HTUR) (PPLLIS)

=2
v =
e

n-well region

p-type substrate
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VLSI Design Styles — Full Custom

* In full-custom style, the designer has many degrees of freedom to optimize:

» Adjust individual transistor dimensions (width, length, aspect ratio, etc.) to satisfy:
» DC specifications (voltage levels, switching thresholds)
» Transient specifications (delay times, rise- and fall-times)

» Freely choose the most appropriate topology (placement and routing) for each circuit block.
= Decide on interconnection strategy between blocks.

= Decide for the global distribution of power, ground and clock.

P
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Limits of Full Custom Design

* Increasing integration density no longer allows for design on transistor

level, neither on schematic, nor on layout level
- fr— .

Intel 8088, 1979 Intel Pentium, 1993
Full-custom design Few macros, but mostly built
using automatic tools

* Need for a more automated that leaves the details to EDA tools
BCPA
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Productivity Gap

 Moore’s law enables rapid increase in number of transistors, i.e., more
complex chips every year, BUT productivity needs to keep up to use them
= Number of engineers does not increase significantly each year
= More engineers does not easily result in higher productivity

= 10,000 100,000
= . :
5 1,000+ —Loglc Tr.fChIp 4 10,000
= m= Tr./Staff Month. °]
>2 100f + 1000 _ =
55 Sy
- = 1 58%/Yr. compounded | = @
E- .E 10 Complexity g?owth rate T 100 "g' @
e s 14 110 T
QO o = =
ol 6: ll—-
L 01 14 -
b= 21%/Yr. compound <
3 Productivity growth rate ~
0.01 1 01
o.0014+—"410444++—t++—+—+—+—++—+—t+— -+t 0.01

1981
1983
1985
1987
1989
1991
1993
1995
1997
1999

M W~ o
o o o o
o o o o
N NN NN

2001

Source: Sematech
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Very Large Scale Integration:
How to design a complex system?

&

Need for a well-defined DESIGN METHODOLOGY and
for automatic TOOLS
to handle the complexity.

EE-429: Fundamentals of VLSI Design
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Architecture Design: Structured Design Principle

« Hierarchy: “Divide and conquer” technique involves dividing a module into submodules
and then repeating this operation on the sub-modules until the complexity of the smaller
parts becomes manageable.

* Regqularity: The hierarchical decomposition of a large system should result in not only
simple, but also similar blocks, as much as possible. Regularity usually reduces the
number of different modules that need to be designed and verified, at all levels of
abstraction.

 Modularity: The various functional blocks which make up the larger system must have
well-defined functions and interfaces.

« Locality: Internal details remain at the local level. The concept of locality also ensures
that connections are mostly between neighboring modules, avoiding long-distance
connections as much as possible.

ECOLE POLYTECHMN
FEDERALE DE LAUSAN
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Architecture Design

 The golden rule: ALWAYS START WITH A BLOCK DIAGRAM!

= |dentify blocks
y; /,P 4 l l" /'f Tl What do we need to perform the
}E % /i \ functionality
) | | i = Visualize structure
b Regizs | | How are blocks connected
] :‘;.m;ﬂm N ] = Find critical paths

— 3 Key Expansion . . ..
- R— Which block is the most critical

—7 | e sruy (speed, area, power)?

Aoy * Divide and Conquer

o Use hierarchy, i.e., draw sub-block
ShiftRows ] Round Key d Iag rams
LAddRoundKe . Generator

Use hierarchy also in your
block diagram

-(I’fl-
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High-Level Design Flow

System
Specification

\ 4

\ 4

\ 4

Architecture
Design

Circuit
Design

\ 4

) 4

Architecture
Verification

Circuit
Verification

\ 4

) 4

Logic
Design

Physical
Design

\ 4

Logic
Verification

Physical
Verification

(|
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Principle Idea of Semicustom Design Flow

 Render the design process more efficiently by using

= Hierarchy: build complex designs from a collection of smaller and much simpler components
which by themselves are again hierarchical

= Abstraction: simplified description/characterization of components as a model (black box) to
better use them on the next level of hierarchy

= Design automation: algorithms and tools to realize an abstract design description from
components

ECOLE YTECI
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Abstraction Levels: Technology

« Layers of doped semiconductor material or metal interconnect
» Possible arrangemet of these layers is determined by manufacturing process
= Detalls are one of the best guarded secrets of a foundry (years to develop)

« Composition of layers determines electrical and other characteristics
» Characterized by the complex laws of physics

» Technology Computer Aided Design (TCAD) tools used for analysis and simulation

TCAD

Technology

ECOLE POLYTECHN
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Abstraction Levels: Devices

« Basic building blocks for circuit design that abstract the physics of the technology
layer to electrical characteristics

 Foundries supply a Process Design Kit (PDK) which provides
= Devices (Transistors, Resistors, Capacitors, Diodes)
= Layers (e.g., for interconnect)

« Various “Flavors” of PDKs are available, e.g.:
» General Purpose/High Speed/Low Power
» RF/Image Sensor
» Flash/DRAM

 Devices are abstracted to compact electrical TCAD
models for circuit simulations and design rules *
= Generated through TCAD and/or measurements Technology
)
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Abstraction Levels: Macros and Standard Cells

« Basic analog or digital circuits as hierarchical building blocks for more complex
circuits

= Built from devices of the PDK with full control over all device parameters
» Characterized and optimized through circuit simulation, e.g., using SPICE
= Manual, carefully optimized compact layout

« Library and IP providers offer for example:
» Standard cells: libraries of basic digital gates
= Digital macros such as RAMs/ROMs Macros/

= Analog macros such as ADCs/DACS/... Standard Cells
Fullcustom

Design

e Standard cells/macros are described by
abstract models that capture

= Functionality.
» |Interface (logical and electrical). TCAD

= Performance (e.g., delay and power) :
= Physical appearance (e.g., size and shape) Technology

ECOL YTECI
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Abstraction Levels: Register Transfer Level (RTL)

« Complex digital blocks (IPs) and complete complex digital ICs

« Specification of a digital circuitin a
Hardware Description Language (HDL)

» Defines computational logic and storage
elements in a abstract way

Semicustom
Design
 Semicustom design: Macros/
» Frontend: Automatic translation of HDL Standard Cells
into a Gate-Level netlist (a circuit built from Fullcustom
standard cells and macro blocks) Design

= Backend: Physical implementation of the
design based on basic building blocks

TCAD

« RTL designs can be abstracted through
behavioral models

ECOLE YTECI
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Abstraction Levels: Architecture

+ Entire system (e.g., cell phone) Arcg‘te_‘:t“re
esign
= Complex system comprised of individual (partially System-Level 2
highly complex) components Design

= Communicating between components often through
complex interfaces and protocols

Semicustom
_ _ Design :
* Described either Macros/
= still in RTL by instantiating many other RTL Ul Standard Cells
components or ulicustom
: . . . Design
* in a high-level or HDL language instantiating
behavioral models of the RTL components
TCAD

Technology

-(I’fl-
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A Digital IC with a Semicustom Design Flow

Composed from few macros and
digital logic realized with standard

Digital macros cells & 10 pads
(e.g., SRAM)

Digital logic built
from standard-cells

= 2G Cellular SoC, IIS, ETHZ
P\
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Semi-Custom with Full-Custom

Top

« Semi-custom design builds on

Design

= full-custom components as basic building blocks l
= full-custom principles and insights for optimization

 Examples

» Standard cells

= Macro cells (e.g., memories)

= Methods for sizing
Methods for buffering
Analysis of timing/power

1

System Specifications

Abstract High-level Model
VHDL, Verilog HDL

[ Functional Simulation }’[ Logic ST"“"EBIS] E(’:.hip Flmrplannlng]

v
' "'I (Chip-level Integration]

Mixed-signal
Analog Eluuks] [ Manufacturing ]

Post-Layout
Simulation

—3>>

Bottom
Up
Design
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(Parasitic Extraction
A
LVS
layout vs. schematic
qr_[ Process
idealgn mle -:‘:hed::l Design Rules
. el Process |
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Semicustom Design Flow

Standard cells and S——
macros are developed v nedlt emacs-
In the full-custom ' v

. * VHDL testbenches VHDL RTL models || * hd
.vhd V
deSIg n fI OW Constraints
(area, timings, power)

RTL Synthesis
Synopsys
Design Compiler

Logic Simulation
Mentor Modelsim

Std c&ll library

ﬁ
*.Vhd Std cell VHDL/ st-synthesis /Vﬂag netlist
; SPF timing data models
*.V Verilog models Timing . d
.sdf constraints .5dC
*

Std Cell Place & Route ogy data -IEf
Cadence SoC Encounter Std ceNlibrary * lib

Abstract views of
full-custom standard
cells and macros

(|
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Post- P&R Verilog netlist Layout
SDF timing data meﬂ*l (GDs2) gdSZ
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Semicustom Design Flow: Architecture Desi

(|
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RamReadxD

OmRegxDF

InFegENKS
FamyWExS
V| Offsetincxs
coib.
logic [
DataOifsstCNTXDP

CoeffAddrCNTXDF

B

CounterDEC

o
o
|-_| ;| Addrincxs %
L= ]

CounterINGC
&
4

DataOutAckxS="1,

DataOutA ckx§="0’ /
-

DataOutRegxS="1"

CoeffAdrxD=0ORDER
—» OuRegEuxS<=true
OffsetlnexS<=true
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DatalnReqxS="1"

AddrinexS<= true

o MRegEnxS <=true

RamWExS<="1"
T AccuClxS<=true
DatalnAckxS<="1"

default:
InRegEnxS => false
OutRegEnxS => false
AccuClrsS == false
AddrInexS == false
OffsetlnexS == false
DatalnAckxS  =>'0"
DataOutRegxS =>0"
RamWExS =>"0"

Nn
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Semicustom Design Flow: Design Entry in VHDL

« Modern hardware description languages allow structural descriptions that
basically determine all interconnections between well-defined blocks:

* adder: component adder port map (a,b,ci,co,s);
« as well as purely behavioral descriptions like:
e sum <= a + b - ¢;

 The synthesizer is responsible for converting the behavioral description into
an optimized design.

ECOLE POLYTECHMN
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Semicustom Design Flow: Design Entry in VHDL

..........

# CutRiegEMxS

architecture rtl of filter is

SamxD L "

begin -- rtl

p_ALU : process (LutReadxD, RamReadxD, AccuxDF)
variable Product : signed(2?7 downto 0);

begin -- process ALU
Product := signed(RamReadxD) * signed(LutReadxD);
SumxD {= Product + AccuxDF;

end process p_ALU;

end rtl;

(|
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Semicustom Design Flow: Behavioral Verification

(|

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE

Fall 2020

- MadelSin P LU G100 = =10 x
fhe Lt Yew Fowet Congde dsie &3 (oS Wrdow b

1SS 1 BT Ml '-aJ»&-;vaﬂ“f [
TR Raame ' -

| e

T p——

o *A2%N
[Detign ot [Deny v
305 4. Axch
hardal vy
o w150 suvwedad  Poo
0 Dol P
Sorord>  Pos s
20 buvendal . Puoo _—
e Daords|  Poc
burendal  Poo * eepbech
el Ay
== V5 ) socky
yASN01 . Axds
LR ot /!

SN o
Py it

.JA’41‘,>".I P‘-.;‘ * e el 2 _l_.' _]‘~| ) 4-"-

Pl e b | [75143 == 10 4267060 ns [Now: 524 Durai0

[ ] bernwveni_beroiensl v | 1] cousti vt | gl v | e

B EFO000 S0 [ 0000
N U0 L N NA O N

T2 WINNT sy stemO? sondl e - diebag

000 She0003 Co«0000
P D FLNZ Na PO KL

wllaey | (41
D6 FL T Na PO NC

& ER0000 S0 00000
NYUP D0 PLNZ HA PO KC

HA-F 000 O
€ ) E50008
HOFC22 0038 24¢

L
H RGO B-000] O 6 BP-0000 5003 Cre0000

NV L £ P N2 WA P N

0ASFOR 0000 Dm0 (1ind 000
Now &ms Dol U S cpuiEs th - Limitos Vis bty Hegon

EE-429: Fundamentals of VLSI Design

84

(«




Semicustom Design Flow: Logic Synthesis

 Turn HDL description into a schematic/netlist of pre-defined standard-cells
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M6

W19

Netlist: textual representation of a
schematic in VERILOG (or VHDL)

module cl17 (N1,N2,N3,N6,N7,N22,N23
input N1,N2,N3,N6,N7;
output NZ22Z,NZ23;

wire N10O,N11,N16,N19;
nand NANDZ 1 (N10, N1, 3);
nand NANDZ 2 (N1ll, N3, N&);
d NANDZ (N16, N2, N11);
I d NANDZ2 4 (N19, N11l, N7);
d NAND2 5 (N22, N10, N16);
nand NANDZ & (N23, 16, 19) ;
endmodule
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Semicustom Design Flow: Floorplan

jDHDHDHDHDHDHDHDHDHDHD Em DHDHDHDHDHD&D

| [
megacell D

Digital macros
(e.g., SRAM)

_ Analog macros |

~ (e.g.,ADCs) | mm—

megacell D

mgcrogell macrocell

| AN
AN
Wdard cell row
| with O\Nmncell routing
‘ S |s Sid|s

megacell D

Digital logic built
from standard-cells

megacell

DR H O Em M EmE R OE D)
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A Floorplan defines the
structure of the layout,
but not all its details.

A floorplan contains for ex.:
* Power distribution
Location of the 10
Locations of macros
Areas for standard cells
Routing channels
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Semicustom Design Flow Automatic Place & Route

« Standard-cells are placed
automatically in the regions
defined in the floorplan

« Automatic routing with
Manhatten style to be
able to handle millions
of cells

(|
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—'T ZEES] Viterbi_placed

File Edit View Floorplan Place Route Report Verify
Scale: Small ' ' ' i

Object S1 Vs

Region

X 620.409 ¥ 64.774 dX -3.541 dv¥ 10.566 Sel 1

SET VARIABLE SELECT.CELL.AT TRUE;
SELECT (623950 54208) ;
Comp i_top/Inst ViterbiDecoder/Inst ACS/Inst ACS 26/U103 (Lmod: EXOR2D1) selected
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Cell Based Design and Sea-of-Gates

 Regular custom ASIC for which the costly low-level (FEOL) masks are fixed

» Fixed, sometimes pre-fabricated template including especially the FEOL, sometimes also lowest
level interconnect (Cell-based design)

* Design flexibility provided through custom routing and vias (BEOL)

= Compromise between full flexibility and cost " Uncommitted |
Gate

= Almost exclusively used for digital circuits (analog circuits require more flexibility)

= Memories and other “custom” digital components often also require tradeoffs
(sometimes available as part of the pre-fabricated template)

ST
S ————

l
Using oxide-isolation Usmg gate-isolation

a
a
O
]
]
O
O
O
a
a

Memory

vs of
" uncommitted fProgrammed )
cells (4-input NOR)

nl M2 W3 M4

Sea-of-Gates

EEEEEEEERN

routmng
channel

\
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The Semiconductor Ecosystem
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