How to Design an
Integrated Circuit

|IC design is detailed and
meticulous (i.e. not cheap)

|IC fabrication is also not cheap
No user serviceable parts
inside — the chip works or it
doesn’t

So why do we do this at LBL?
Is IC design really sorcery?

€ History and Motivation

— What'’s a circuit

— What's an integrated circuit
€ |C design process
€ Our friend the MOS transistor
€ Let's make a chip
€ Examples

€ Trends

P. Denes
Engineering Division




Circuit Problem ca. 1750
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Charge capacitor C
Close switch S

Estimate propagation time through this transmission line

N ~ 1000
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French physicist Abbe Nollet

Components used:

1000 Carthusian monks

Capacitor based on design from University of Leyden
Resistive contact to C
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Circuit Layout rrecee?]
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€ Simultaneous
jumping of monks —
“electricity is fast”

€ Circuit composed of
well-defined, discrete
parts connected
together

€ (Circuit dimensions
are a bit large)




Fast Forward — 1906
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ANODE CURRENT (Ia)
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Plate (+)

Cathode (-)
€ Grid modulates conduction

€ Can be used for analog
applications

€ Can also be used for digital
applications
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Heater
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ENIAC — 1945, U. Penn. crceee?]
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Designed to calculate ballistic ordnance firing tables
Electronic Numerical Integrator And Computer

Its thirty separate units, plus power supply and forced-air cooling, weighed over thirty
tons. Its 19,000 vacuum tubes, 1,500 relays, and hundreds of thousands of resistors,

capacitors, and inductors consumed almost 200 kilowatts of electrical power.
A
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IBM 701 -1952 freeere
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16 kHz cycle
2k words fast storage ¥ &y
1st computer for scientific work " ' ' —
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The SOIUtion? reeeeec)

- Point contact
transistor

Hermanium

Revolutionary Amplifier
The CRYSTAL TRIODE metal base
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€ Point contact transistor is a surface effect device (and
surfaces are easy to contaminate — not to mention paper
clips can be mechanically unstable)

€ Schottky contacts, rather than pn junctions
€ Shockley junction transistor (1949)

Although the point contact
p np transistor did live for a while

E— o C TRANSISTOR

T

Emitter iy Collector

Insul lating Plug
{Unbent Iea(ls\.‘)

Ge

005 Phospor
Bronze Point

L

BELL TELEPHONE LABS.
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CDC 1604/160 - 1960 rercen] B
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160 kHz cycle
32k words fast storage

Modular circuit assemblies
of components

The first desktop (literally)
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Integrated Circuits - 1958

Jack Kilby
Ge Texas Instruments
(1 transistor) (Patent)

Legal wrangles
Resolved in mid-60’s

Robert Noyce

Si Fairchild
(2 transistors) (Patent)
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Early Circuits — Planar Bipolar Process /\| "
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p+ substrate
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Early Circuits — Planar Bipolar Process /N
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high resistivity p- epitaxial layer

p+ substrate
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Early Circuits — Planar Bipolar Process /N

» BERKELEY LAB |

grow SiO, and
open base window

high resistivity p- epitaxial layer

p+ substrate
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Early Circuits — Planar Bipolar Process /N

BERKELEY LAB

n implant

AU
.

high resistivity p- epitaxial layer

p+ substrate
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Early Circuits — Planar Bipolar Process /\| "
BE

p implant

L
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high resistivity p- epitaxial layer

p+ substrate




Ny

Early Circuits — Planar Bipolar Process /N
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Contacts/Metal

B E B C

—

p+
N+
high resistivity p- epitaxial layer

p+ substrate
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Bipolar Junction vs. Insulated Gate Transistors /N
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1st MOS on Si - 1960
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MOS and CMOS take over

& Early circuits were mostly bipolar (especially analog)

€ MOS took hold for memory

€ CMOS invented in 1963, but took off (once fabrication
became good enough) in the 80’s

Bipolar SRAM CMOS DRAM

W: WL=H BL=H
f WL R: WL=H BL=L

H X: WL=L
L

X

./Pa55|ng

4 WORDIines
STI/Trench
l Capacitor

w]
)



MOS logic — Intel 4004 - 1970 =

BERKELEY LAB

8 ym PMOS

The first single chip CPU was the Intel 4004, a 4-bit
processor meant for a calculator. It processed data in
4 bits, but its instructions were 8 bits long. Program
and Data memory were separate, 1K data memory
and a 12-bit PC for 4K program memory (in the form
of a 4 level stack, used for CALL and RET
instructions). There were also sixteen 4-bit (or eight
8-bit) general purpose registers.

The 4004 had 46 instructions, using only 2,300
transistors in a 16-pin DIP. It ran at a clock rate of
740kHz (eight clock cycles per CPU cycle of 10.8
microseconds) - the original goal was 1MHz, to allow
it to compute BCD arithmetic as fast (per digit) as a
1960's era IBM 1620.
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# Metal Interconnect

Metal Interconnect

~IBM 0.18p SOI CMOS

Process — the complete fabrication process which produces the integrated circuits.
It includes photolithographic mask preparation, wafer preparation and processing,
etc. The process defines for the designer what kinds of devices are available and
what their performance characteristics should be

Feature size (or line width) — the smallest dimension which can be reliably
lithographed. So a “1 ym CMOS process” contains N- and P-channel MOS

transistors with 1 ym minimum feature size
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ENIAC — 50t Anniversary Edition cecer
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Size: 7.44mm x 5.29mm; 174,569 transistors; 0.5 um CMOS technology (triple metal layer).
30 mg vs 30 tons
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Digital Standard Cells

€ Predefined logic gates
(“cells”) - Circuit
composed of well-
defined, discrete parts
connected together

€ write a description
(program) of the logic
functions

€ synthesize the design
(using the library)

€ place and route the
design
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For example /\l p
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But This Is Not What We Do /:\L'i
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We do mixed-mode design - analog functions, supported by
digital logic.

The analog functions are full custom: design the circuit at
the transistor level, and design/optimize each transistor for
the given function. This is not assembling a collection of
pre-defined modules.

Timeout - Glossary

Full custom design means that we draw each transistor. What we can adjust are
the width (W) and length (L) of the channel. For a given process, the

transconductance (0l/6V) and capacitance depend on W, L and the process
parameters.
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Wh do we do thlS? receeee| i
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Particle Tracking Detectors

I N N AN N
2 444

I Y N VAN N B

High rate fixed target experiments in

the '80s (NA11, E706, ...) needing finer | _

granularity (to reduce occupancy) : M. i
0% 5 cm? Si strips™
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What we do receer) p
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€ Design custom ICs, typically in support of lab programs

€ Generally, these ICs have many channels and are connected to
some sort of sensor, transducer, ... at the front-end, do some sort of
signal acquisition/processing, and send information, usually digital,
off the back end of the chip

o

o

o

Analog FE “Conversion” Digital BE
€ We conceptualize the design, implement it electrically and produce
the data needed to prepare the masks

€ We don't actually fabricate the ICs — we use commercial IC
processes



Commercial Processes %
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€ Mask sets for modern
technologies are very
expensive (so we don't §3,500
work at the cutting edge) 5,000

€ One wants to try ideas out .., o
first anyway, so we use
“Multi-project” services
(brokers, who assemble
many people’s projects 1,000 B
onto one run) $500 —

€ So our technology choices s =11
are ||m|ted 035pum 025pum 015pwm 0.13pum 0.90nm 65 nm

Mask Set Cost ($k)

$2,000 -

$1,500 ||




Large R&D Investment

W/W SEMICONDUCTOR INDUSTRY REVENUE (3 Year Avg)

$1,000.00

$100.00

2003 investment
~$14B (17% of
sales). Recently,
investment ~12-
15% of sales...

$10.00

$1.00

SALES ($B) ===

$0.10

$0.01

=t [=e] (3] w o < [ee) o™ w L= <t Q0 o
[7¢) Ly w0 w I~ ~ I~ 0 o0 L=r] (=1} (1] [=]
(=1} {*1] (=1} L= ] o (=1} [+1] o @ @ o (*1] (=1
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2006F
2010F
2014F



Steps in the IC Design Process /\I '"\'I
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1—07? _DQ; -

-
0—17? —

Conceptual Inltlgl Schgmatlc
Des;i <« Behavioral «—— Design & >
gn : : :
Design Simulation
Negotiate No transistors yet Circuit solutions
the specs Technology selection Transistor design
Fight the tools!
(] [ O
(][] =3 T
Layout
and | FeshEpoul »  Tape out!
e . Simulation
Verification
Optimization parasitic extraction
DRC, LVS Fight the tools!

Fight the tools!



Let's Make A Chip

This will be a pretty banal example to fit within the time of this talk

€ For a made-up application, we have a high-
output-impedance sensor that needs a buffer
amplifier. Specifications:
— Drive an output load of 1 pF in less than 10 ns
— Use no more than 1 mW
— Be precise to >6 bits

A




Our Friend the MOS Transistor

Channel L
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Hand Calculation %
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#=0.03m?/V Process

'

A 4

T T, =7.1nm Parameters
1 ol Coy = 2240 — 0,0048 F/Im?
w1905 = = =0 Tox
Rps  OVps 1mW = 400 LA
| a [ w
, gm_ﬁvGS_ IUCOXTI
L =2 mA/Vforﬂ ~ 140
)| L
) —C
. V
oW
| = 20x T(VGS -V )2
_a oW .
I v Hoox Check the calculation
with simulation
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Simulation Schematic
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Simulation /2\| "

Netlist

MS2 D1 D1 vDD VDD PCH L=1U W=80U M=1

C1 OUT GROUND 1P

V3 N$617 GROUND DC OV AC 10

V2 INP N$617 PULSE (1 1.550N INSINS12)

11 VDD N$207 DC 0.25MA

MN4 N$207 N$207 GROUND GROUND NCH L=1U W=20U M=1
MN3 OUT OUT S1 GROUND NCH L=0.28U W=39U M=1
MN2 D1 INP S1 GROUND NCH L=0.28U W=39U M=1

MS1 OUT D1 VDD VDD PCH L=1U W=80U M=1

MN1 S1 N$207 GROUND GROUND NCH L=1U W=20U M=1
V1 VDD GROUND DC 2.5V

Choice of model

-t vy
Process parameters
1 =0.03m?/V

Tox =7.1nm

Cop = 2% _0,0048 F/m?
=

OX




How Did We Do?
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Voltage (V)

Response toa 1 — 1.5V step
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2nd Order Effects are Critical in IC Design /N

€ g, — not too bad, hand calculation — 2 mA/V, simulation
— 1.86 mA/V

€ R — not so good, hand calculation — « Q, simulation
— 24 kKQ

— Channel length modulation: Iy — l5g(1 + AVpg) so R = 1/Algg

€ DC gain — not so good, hand calculation — o, actual
value is A, = g,Rps = 1.86 mA/V x 24 k Q ~ 50 = offset
of 1-2%

€ OK - so now, | understand everything, right?
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Modern Devices are more Complicated /\I i
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Simple model

SALICIDE
CONTACT

Modern Reality

DUAL-DOPED
GATE IMPLANT
SUPER-STEEFP
Vi ADJUST RETROGRADE CHAMNEL
CHEHMEL ML ANT
IMPLANT
FOURCEDRAIM
EXTENSION
IMPLANT

DEEP RETROGRADE 'WELL IMPLANT

8 SUBSTRATE

SHALLOWY
TREMCH
IEOLATION

FUNCHTHROUGH-3TO#
IMPLANT

TRIFLE WELL IMPLANT
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2nd Order Effect be 1¢t Order for the Desi .
rder Effects may be rder for the Design

Weak
Inversion
model .

ol C~ W 1 1
On = DS:IU % (VGS_VT) ——
Vg L n kT /q
2C

Cos =—2WL 0

For a preamp, maximize g,,/Cg

' Inversion
Junction . model
- Leakage :
. ' VT
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Process Variation rrecee) "
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€ Simulation parameters are for the “typical” process
€ But what if you got the “Friday at 4:30” process?

€ Foundries often provide “corner” data which attempt to represent,
within device models, what are the “worst” and “best” cases. The
designer needs to make sure that the design works under all of
these cases (you don’t know who will be running the implanter the
day of your run)

SF FF
The process variation models often take the form T T
that one flavor of transistor is “better” (or “faster”) As processes improve,
than the other, and the cause may be correlated ) " snrink
or anti-correlated with the other flavor. This leads corners- shrink = our
to 5 cases: “typical” and the permutations of the success rate goes up

extremes above. l i
SS FS

€ OK - so now, | understand everything, right?
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Matching %

A A
OVis

> —

€ Not all Carthusian monks are

identical — nor are all MOS N ouT

Same Vg
+Same current

transistors

@ Directional variation of
implantation across the wafer;
statistics of how many dopant e
atoms there are... V.. &

L = 40 nm (effective) N, ~ 1300 atoms

W = 60 nm (effective) i L.
|:> Poisson statistics
Y‘jEPI =25 nm

N, =2 x 10 fem’ 1 & fluctuation \/nact ~ 40 atoms
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Drawn Layers /\| o
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Si substrate
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Still Not Done ceecee?]
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& Extraction (of parasitics) and “post-layout” simulation
& 2nd Order Effects are Critical in IC Design

Various other
design sins
not checked

DNHE BB 2D ]k

25 |ge

X2 E
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Current IC Group Projects creere?]
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& 4-channel CCD readout (CDS + 16 bit dynamic range
digitizer) for SNAP (space qualified)

€ A “high-voltage” clock driver and sequencer for the
above (space qualified)

€ A 16-channel higher-speed variant for almost Column-
Parallel CCD readout (>100 fps / Megapixel; 214 bits)

& 4-channel, 10 GS/s switched capacitor array with
digitizers and digital waveform accumulators

€ 16x16-channel CdTe pixel readout for high-energy x-ray
astronomy (space qualified)

€ Monolithic detectors (see below)
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Increasing Integration prcst]
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Custom IC

Pixel 2002 - Carmel

Lﬁ“ Pixel Module

— Pigtail (beyond)

[C] Sensor

[] AsICs

B Flex Hybrid (green)
¥ Bumps

/™ Wirebonds

Schematic Cross Section
(through here)

Sept. 9, 2002 M. Garcia-Sciveres - The ATLAS Pixel Detector 14
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Active Pixels — the IC is the Detector reeveer] |
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sed to replace CCDs in cheap (and now not-so-cheap) digital cameras
Iso might make the ideal detectors for certain types of electron microscopy

300 keV e~

= =
. w %
-
.
.
.

ly
Doped
+— 1000 pm ——™ Substrate
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Well Adapted to High Sensitivity (speed) :m

300 keV e~

7 um 202 @ Thin detector

gﬁm Si0, 4 Thin collection region
active Si within thin detector

& Gain — e are several
times minimum
ionizing: very high S/N
Inactive Si. ¢ Monolithic — can add
on-chip electronics

(ADCs, fast readout
50 pm total )

40 um . € Use radiation-
hardening techniques
developed for HEP
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1st Image (200 keV) cecer?]
P BerceLey Las RS

PedFile=_Peds.sum SiaFile=_Beamstap. sum % mar=0.153 Yrin=0.0

CMOS Imager

48x144 24X72 12x36
10 pm Pixels 20 pm Pixels 40 pum Pixels

@ Bcam stop on the 200 CX at NCEM
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1st Useful Detector Prototypes %

Constructing readout and
user interface software now

19 um pixels
in-pixel CDS

19 um anti-blooming pixels

6 um pixels

10 bit ADCs
on 19 um
pitch




Future for IC Design

The experts look ahead

Cramming more components
onto integrated circuits

With unit cost falling as the number of components per
circuit rises, by 1975 economics may dictate squeezing as
many as 65,000 components on a single silicon chip

By Gordeon E. Mocre

[Direcior, Research and Developn Laboratark &

divislon of Fairchilkd Camera and Instrument Carp.

The future ofintegrated electronics is the famre of electron-
joa ftgell. The advantages of ntegration will bring shout a
proliferation af electronics, pushing this sclence into many
W ATEE.

Integrated circafis will lesd to such wonders 22 homs
compuiers—aor & least ferminsls connected i & ceniral com-
puler—agomstic controls for sutomaobiles, and persmal
perishle communicatims equipment. The elecironic wris-
waich neads only a display to be feasible onday.

Bt the biggest prtential les in the prodoction of large
ayalens. In felephone communicstions, inegrated cirenits
in digitsl filters will separste chamels on muliiplex equip
menl Integrated circuits will alio switch ilephone circuils
amd perform dats procesing.

Compuiers will be mose pawerful, snd will be organized
in completely different waya. For example, memores il
of integrated electronics may be distribated throughoot the

The author

Dr. Gordan E. Moare is one of
the new bresd of slectranic
enginears, schadled in the
physical s clences rather than in
eloctronics. Hesarned a BS .
degrea in chemistry from the
University of Califarnis and a
Ph.D. degres in physical
chemistry from the Califomia
Institute of Technalogy. He was
ane of the founders of Fairchild
Semiconducior and has been
directar of the research and
development la boratories since
REL-R

mesching imstesd of being concentrated in & central unit. In
addition, the imgroved relishility made possible by inteprated
ctre uits will allow the constraction oflarges procesdng mit.
Machines simdlar to those in exdsience today will be boili st
lower eoats and with fasier tornaroomd.

[Presant and future

By integrated elecirmies, | mean all the varioos tech-
nologies which are referred o &8 midcroelectronics today &=
well & amy additionz] ones that regalt in electronics func-
tloms supplied o the nser & rreducible onits. These ech-
nologies were it investigated in the late 1950°%. The ob-
Ject was i minisrize elecironics equipment o include in-
cresiingly complex el sctronic fimetions in lmited space with
minimnm weight. Several approsches evolved, including
e roazem Wy e chniques for individes] components, thin-
film str e mres and semdeonductor integrated circais.

Fach approach evolved rapidly and converged a0 that
each bormowed techniques from snother. Msany researchers
e Bewe the way of the fture tobe 2 ¢ ombnation of the vark
s Epproaches.

The advocstes of semicondnsios infeprated circoiiry sra
already nsing the improved charseter ities of thin-flm resis-
o by applying such Glms directly 1 anactive semiconduc-
o snbairste. Thote advocating 2 technology bated upm
filmes are developing sophisticated technkques for the sttach-
meentaf sctive sendeonducior devices i the pasaive flm a-
Ty
Baoth approaches have worked well and sre baing wed
i equipment odgy.

Electranics, Voluma 38, Number 8, April 19, 1955

MOORE'S LAW

Intel 386™ Processor

Mandatory Plot

Intel® itanivm® 2 Procossor
Intel® itanium@ Processor

Inteln Pentium® 4 Processor

Intel® Pentivm il Processor

Intel® Pentivm® Il Processor

Intaln Pamtiumn Procossor

1980 1985 1990 1985 2000
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Advantages of Scalin L
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Another Word on Matching

Fluctuations in doping
N, Tox o€ VWL Ty
_i@ S, D
VWL !
A , ’ A, o Tox
ANVT L]
301 s . x Scaling: W/L=const., L«TOX
(mVm) e But newer technologies don’t have
20T * _
ﬁ/x x ® PMOSTs Philips data AVT X L|V||N = const. o
0l P 7% % NMOST Philis data Bad for analog, worse for digital.
2 e os 1o g eSS genenton Digital to the rescue?
{ N . - = . I.
10 20 30 40 50
TBK (nm)

Mismatch affects
this noise margin
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What's Next? rrece

Table 59a Single-gate Non-classical CMOS Technologies

Device Transport-enhanced Ultra-thin Body SO FETs Source/Drain Engineered FETs
FETs
Strained 5i Ge, 5iGs
|| mxl  silicide
buried oxide T \@
N Ground BC [<20nm ) et _—
Silicon Substrate BOX_ Plane Bulk wafar i P Monoverhpped regibn
' Schotiky bamier
isolation
Concept Strained Si, Ge, SiGe, Fully depleted SOI Ultra-thin channel Schottky Non-overlapped
SiGeC or other with body thinner and localized ultra- source/drain 5/D extensions on
semiconductor; on than 10 nm thin BOX bulk, SO1, or DG
bulk or SOI devices
Table 59b Multiple-gate Non-classical CMOS Technologies
Device Multiple Gate FETs
N-Gate (N=2) FETs Double-gate FETs
i ihurred i
8 P .
e o e
d-susrake =T
Concept Tied gates Tied gates, Tied gates Independently Vertical conduction
(number of channels =2 side-wall conduction planar conduction switched gates,
planar conduction

“Scaling”

and “Death of CMOS” are talks on their own...

ITRS 2003
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Future for IC Design at LBL 1'“\
W BcrceLey Las I

& Keep the edge in HEP (LHC upgrades, Linear Collider)
€ Astronomy — on the ground and in space

€ Biology and materials — imaging detectors
— general “smart” detectors — 2D arrays measuring (X, vy, E, t)

— specialized “smart” detectors — e.g. built-in temporal
autocorrelations

— fast detectors for dynamics — “movies”
— high sensitivity
€ R&D
— Hybrid pixilated APDs — 2D single photon counting arrays

— Chemfets — CMOS circuits where the conduction modulation is
by (bio) chemical reaction



Electronic Technology Growth Benefits All Science at LBL "/:r}l ﬂ
0y

Technology Group

How did we get to this point?

Growth of computations/second over time

$1000 buys...
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After Kurzweil, 1999
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Topics not suitably addressed

¢ CMOS scaling

€ New devices

€ SiGe (and other strained Si) / SOI
€ Analog design problems at fine

feature size
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