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M Analog IC Design for MEA4
Semester 7:

27 tutored hours: 6 integrated lectures (4.5 hours each)
Evaluations: 2 intermediate (after S3 and after S5) / HW
Final exam: 3 hours (common with Digital IC design)
Tutored HW: possible (your choicelll)
Personal investment: 15 to 20 hours minimum
Lab visit: campus Saint-Priest (clean room, IES and LIRMM, your choicelll)
Group project (60h): design, layout, fabrication (your choicelll)
Outline

- Introduction to Microelectronics Technology

- Small-signal modeling and analysis

- Voltage and current sources

- Voltage amplifiers

- Trans-conductance amplifiers

- Operational amplifiers

Semester 8:
- 30 hours of integrated lectures
+ Advanced performances: variability, offset, CMRR, PSRR, noise...
+ Test case study
- Group project (60h): design, layout, fabrication...
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+ 1s* Semester:
- 36 tutored hours: 10 integrated lectures (3 hours each, 6 sessions)
- Evaluations: 2 intermediate (after S3 and after S5) / HW
- Final exam: 3 to 4 hours (December 18th)
- Personal investment: 24 hours minimum
- Lab visit: campus Saint-Priest (clean room your choicelll)
- Outline
- Introduction to Microelectronics Technology
- Small-signal modeling and analysis
- Voltage and current sources
- Voltage amplifiers
- Trans-conductance amplifiers
- Operational amplifiers

- 2" Semester:
- Project (150h): design, layout, fabrication...
- Lab internship

aa Microelectronics: life cycle and associated

M jobs

MANUFACTURING Packaging
- & Test
oty [ © " Application.
Device
Engineer

Components .bi»Applications
Circuit Level

becifications

processbegin
waituntil not
CLOCK'stable
and CLOCK=1;
IENABLE=") then
OGGLE<=not
TOGGLE;
end if;
end process;

DESIGN

= System Level
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~aa Profile of a Microelectronics Circuits
M Designer

+ A scientist

- Physics, Electronics, Computer Engineering,
Automation control

- Basic knowledge of fabrication process

* An engineer
- Analog and digital circuits
- System design and architecture
- EDA tools
+ Schematic, Electrical simulation, Analysis
* HDL language, synthesis
* Layout, P&R, LVS, post-layout analysis

]

M Microelectronics: a student's vision...

PEL
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* History: five decades of innovations

« Overview of Microelectronics technology
* Elementary process steps

+ CMOS process at a glance

* Layout basics and design rules

* Homework

* References
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O\ 1.1. History: genesis

- 1833 - First Semiconductor Effect is Recorded

- Michael Faraday describes the "extraordinary case"
of his discovery of electrical conduction increasing
with femperature in silver sulfide crystals. This is
the opposite to that observed in copper and other

In a chapter entitled "On Conducting Power Generally"
in his book Experimental Researches in Electricity
Faraday writes "I have lately met with an extraordinary
case ... which is in direct contrast with the influence of
heat upon metallic bodies ... On applying a lamp ... the
conducting power rose rapidly with the heat ... On
removing the lamp and allowing the heat to fall, the
effects were reversed."
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+ 1940 - Discovery of the p-n Junction
- Russell Ohl (Bell Telephone labs) discovers the p-n
junction and photovoltaic effects in silicon that lead
to the development of junction transistors and solar
cells.

Ohl and colleague Jack Scaff found a separation of silicon
into regions containing distinct kinds of impurities. One
impurity, phosphorus, yielded a slight excess of electrons in
the sample while the other, boron, led to a slight deficiency
(later recognized as "holes"). They called the regions n-
type and p-type; the surface or "barrier" where these
regions met became known as a "p-n junction." Light
striking this junction stimulated electrons to flow from the
n-side to the p-side, resulting in an electric current. Ohl had
discovered the photovoltaic effect that powers today’s solar
cells (1954).

-
Russell Ohl (bow tie) with Jack Scaff (dark hair) at Bell Laboratories

M 1.1, History: genesis

+ 1948 - Conception of the Junction Transistor

- William Shockley (Bell Labs physicist ) conceives a
transistor structure based on a theoretical
understanding of the p-n junction effect.

After Bardeen and Brattain’s December 1947
invention of the point-contact transistor, he
conceived a distinctly different transistor based
on the p-n junction. He claimed that positively
charged holes could also penetrate through the
bulk germanium material - not only trickle
along a surface layer. Called "minority carrier
injection," this phenomenon was crucial to
operation of his junction transistor, a three-
layer sandwich of n-type and p-type
semiconductors separated by p-n junctions.
This is how all "bipolar" junction transistors
work today.

04/09/1¢
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M 1.1, History: genesis

+ 1954 - William Shockley left Bell Labs to start
its own company in Palo Alto, CA.
- Silicon Valley

- Young people, such as 6. E. Moore and R. N. Noyce,
joined Shockley Company

+ 1957 - Moore and Noyce to set-up Fairchild

+ 1959 - Invention of the "Planar" Manufacturing
Process

- Jean Hoerni (Fairchild) develops the planar process
to solve reliability problems of solid-state
transistors, thereby revolutionizing semiconductor
manufacturing.

M 1.1, History: genesis

- 1958 - All semiconductor "Solid Circuit" is
demonstrated

- Jack Kilby (Texas Instruments) produces a
microcircuit with both active and passive components
fabricated from semiconductor material.

On September 12, 1958, Jack Kilby built a circuit
using germanium mesa p-n-p transistor slices he had
etched to form transistor, capacitor, and resistor
elements. Using fine gold "flying-wires" he
connected the separate elements into an oscillator
circuit. One week later he demonstrated an amplifier.
T.I. announced Kilby's "solid circuit" concept in

) March 1959 and introduced its first commercial
device in March 1960, the Type 502 Binary Flip-Flop
priced at $450 each.
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+ 1960 - Metal Oxide Semiconductor (MOS)
Transistor Demonstrated
- John Atalla and Dawon Kahng fabricate working

transistors and demonstrate the first successful
MOS field-effect amplifier (Bell Labs).

The MOS transistor conducting region is either p-
type (making it a "p-channel" device) or n-type ("n-
channel" device) material. The latter are faster than
p-channel but are more difficult to make. MOS
devices hit the commercial market in 1964. General
Microelectronics (GME 1004) and Fairchild (FI
100) offered p-channel devices for logic and
switching applications; RCA introduced an n-
channel transistor (3N98) for amplifying signals.
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O\ 1-1. History: early days
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+ 1960 - First Planar Integrated Circuit is
Fabricated
- Jay Last (Fairchild) leads development of the first

commercial IC based on Hoerni's planar process and
Noyce's monolithic approach.

Under the trade name pLogic (Micrologic), the type "F" flip-
flop function was announced to the public in March 1961 via
a press conference at the IRE Show in New York and a
photograph in LIFE magazine. Five additional circuits,
including the type "G" gate function, a half adder, and a half
shift register, were introduced in October.

Junction-isolated version of the type "F" flip-flop. The die were
etched to fit into a round TO-18 transistor package

04/09/1¢
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M 1.1, History: early days

+ 1962 - First applications for ICs in computers
(Aerospace systems)

- The first ICs replaced only a handful of components,
and sold for many times the price of their discrete
transistor counterparts. In 1961, Jack Kilby's colleague
Harvey Cragon built a demonstration Computer for the
US Air Force to show that 587 TI ICs could replace
8,500 transistors and other components.

r/

NASA's Apollo Guidance Computer (AGC) was the most
significant early project. Designed by MIT in 1962 and built

y " by Raytheon, each system used about 4,000 “Type-G” (3-

7/ | input NOR gate) circuits. Consuming 200,000 units at $20-30
" cach, the AGC was the largest user of ICs through 1965.

M 1.1. History: early days

- 1963 - Complementary MOS Circuit
Configuration is Invented

- Frank Wanlass invents the lowest power logic
configuration.

P M. WANLASS 3,356.858

O-91 IOWDA COMPLOCINTARY FIELO

Dec. 8, 1067

WTIOT SIMVITYY

In a 1963 conference paper C. T. Sah and Frank
Wanlass of the Fairchild R & D Laboratory
showed that logic circuits combining p-channel
and n-channel MOS transistors in a
complementary symmetry circuit configuration
drew close to zero power in standby mode.
Wanlass patented the idea that today is called
CMOS.
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M 1.1. History: early days

+ 1964 - First Commercial MOS IC Introduced

- General Microelectronics uses a Metal-Oxide-
Semiconductor (MOS) process to pack more transistors
on a chip than bipolar ICs and builds the first calculator
chip set using the technology.

General Microelectronics introduced the first
commercial MOS integrated circuit in 1964
when Robert Norman used a 2-phase clock
scheme to design a 20-bit shift register using
120 p-channel transistors. GMe designed 23
custom ICs for the first MOS-based electronic
calculator for Victor Comptometer in 1965.

The prototype Victor Comptometer EC-3900 calculator and board with 23 custom MOS chips
and six 100-bit shift registers for serial memory

FILALIN

{ M 1.1. History: early days

+ 1964 - The First Widely-Used Analog Integrated
Circuit is Introduced
- David Talbert and Robert Widlar at Fairchild kick-start

a major industry sector by creating commercially
successful ICs for analog applications.

Fairchild pA702 op amp, created in 1964 by the team of
process engineer Dave Talbert and designer Robert
Widlar, was the first widely-used commercial product.
Their 1965 successor, the LA709, established a mass
market for analog ICs. Talbert and Widlar moved to
Molectro (later acquired by National) in late 1965 where
they built a linear dynasty beginning with the LM101.
Then in 1968 Dave Fullagar of Fairchild one-upped the
LM101 by adding an internal compensating capacitor to
-” [ Jy deliver the pA741, the most popular op-amp of all time.

Talbert and Widlar's pA709 high-performance operational amplifier (1965)
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+ 1965 - Gordon Moore Law is born...

- Co-founder of Fairchild (1957), Moore, Director R&D,
publishes a prospective paper (Electronics, Volume 38,
Number 8, April 19, 1965)

oS x | Z

1965

Por Intograted Funclion
N,
N,

W70

Nelative Manfa:tn ng Cost/Comoon
Log? of the Number of Componemt:
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+ 1963 - Standard Logic IC Families introduced

- Diode Transistor Logic (DTL) families create a high-
volume market for digital ICs

- Transistor Transistor Logic (TTL) as the most popular
standard logic configuration by the late 1960s.

- 1968 - Silicon Gate Technology Developed for ICs

+ 1968 - Noyce and Moore leave Fairchild to launch
their own company Intel

+ 1971 - Microprocessor Integrates CPU Function
onto a Single Chip

04/09/1¢

1C



Analog IC Design - Academic year 2015/2016 - Session I

Pt

po~ 2

1971

-

Lo SRR h il Ve Y
Intel” 4004 processor
Initial clock speed: Wz

Manufacturing technology:

Intel® 8080 processor
nitial clock speed: /M
Transistors: 2,300 Transistors: 4 Transistors
Manufacturing technology:

+ Intel's manufacturing from 1971 till now...

1978

Intel* 8086 processor
Initial clock speed

Manutacturing technology:
in

1982

L AR R AR R RS
#-J. P i1

— =TT

Intel” 286 processor
Initial clock speed: ©
Transistors: | 44,00
fanufactering technology.

+ Intel's manufacturing from 1971 till now...

1985

Intel4867 processor
Initial clock speed: ~HMH

Intel386~ processor
Initial clock speed: |6M)
Transistors: 275000 Transistors: 1.2 mil

Manutacturing technology: Manufacturing technology:

04/09/1¢
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+ 1.1, History: manufacturing era
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+ Intel's manufacturing from 1971 till now...

1993 1995 1999

Intel” Pentium’ processor

Intel” Pentium® Pro processor Intel” Pentium" Ill processor
Initial ciock spead: LLMH Initial clock speed; Z0O0MH Initial clock speed: DOLMH;
Transistors: Transistors: ¢ Transistors: 3¢ 1
Manufacturing technology Manufactoring technology: Manufacturing technology:

3 ' { y FICION
5 mi

1.1. History: manufacturing era

+ Intel's manufacturing from 1971 till now...

2003 2006

Intel” Pentium® 4 processor Intel” Pentium® M processor Intel” Core” 2 Duo processor
Initial clock speed: | S0H2 Initial cinck speed { Initiai clock speed

Transistors: 42 mil Transistors: 55 mien Transistors: 29 0f
Manufacturing technology Manutacturing technology: Manufacturing technology:

- ]
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1.1. History: manufacturing era

» Intel's manufacturing from 1971 till now...

2008 2008 2010 20z

!
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4
Intel’ Core™2 Duo processor Intel' Atom” processor  2nd generation 3rd generation
Initial clock speed; LH; Initial clock speed: | | Intel" Core™ processor Intel* Core” processor
Transistors: <10 millon Transistors: 47 milio Initial clock speed: 71 Initial clock speed: 7 ¢
Manufacturing technology: Manufacturing technology: Transistors: 1151 J Transistors: | 4 hilion
4% A50um Manufacturing technology:  Manufacturing technology:

» 1.1, History: manufacturing era

A

+ Intel's manufacturing from 1971 till now...
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+ Intel's manufacturing from 1971 till now...

1.00E+07
B Speed (kHz)
——Model (double each three years) - ™
L ] u
1.00E+06
]
]
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ST
M 1.1, History: i
s M + 1.1, History: manufacturing era
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+ Intel's manufacturing from 1971 till now...
1.00E+05
B technology (nm)
—Model (surface divided by two each two years)
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]
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M 1.1. History: manufacturing era

1999 — Hitachi and NEC merged their DRAM businesses > Elpida Memory.
2001 — Hyundai and LG Sem. merged their semic. operations (Hynix).

2003 — Hitachi IC Division + Mitsubishi System LSI > Renesas Tech.
2003 —Mitsubishi's DRAM joined Elpida Memory.

2003 — Matsushita began emphasizing Panasonic as its main global brand
name. Previously, Panasonic, National, Quasar, Technics, and JVC. In 2008,
the company changed its name and the branding of products to Panasonic.

2004 —Motorola Semiconductor > Freescale Semiconductor.
2006 — Philips Semiconductor > NXP Semiconductors.

2010 — NEC + Renesas Technology > Renesas Electronics.
2012 — Samsung acquires CSR's mobile business

2013 — Elpida is bought by Micron Technology.

2014 — Qualcomm acquires CSR to accelerate its growth in ToT
2015 — NXP Semiconductors to acquire Freescale

P BN
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3 M 1.1. History: Players and Market share

« Electronic System Companies
+ Integrated Device Manufacturer

* Foundries and Fabless Companies
Top 10 Worldwide Semiconductor Sales Leaders* ($B)

Rank 1990 1995 2000 2006 2014 2015F
1 NEC 43 Intel 136 Intel 29.7 Intel 316 Intel 514 Intel
2 Toshiba 48 NEC 122 | Toshiba 110 | S ¢ 197 | S e 378 | Samsung
3 Hitachi 39 | Toshiba 106 NEC 10.9 m 13.7 |Qualcomm** 19.3 | Quakomm**
4 Inted 37 Hitachi 98 | Samsung 10.6 | Toshiba 100 Micron 16.7 SK Hynix
5 " I 3.0 b 86 n 95 ST 99 SKHynix 163 Micron
6 Fujitsy 28 | Samsung 84 | Motorola 79 | Renesas 82 n 122 n
7 Mitsublshi 2.6 n 79 ST 79 Hynix 74 Toshiba 110 |NXP/Freescale
] n 25 18BM 57 Hitachi 74 | F , 61 | Broadcom** 8.4 Toshiba
9 Philips 19 | Mitsubishi 5.1 | Infineon 63 NXP 59 ST 74 | Broadcom**
10  Matsushita 18 | Hyundai 44 Philips 63 NEC 5.7 Renesas 73 ST
Top 10 Total ($8) 318 86.3 108.1 118.2 1872.7
Semi Market ($8) 54.3 154 2186 265.5 3548
Top 10 % of Total Semi  59% 56% 4% 5% 53%
Sowrce: IC Insights *Not including foundries **Fabless

04/09/1¢
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* An Integrated Device Manufacturer (IDM) is a
semiconductor company which designs, manufactures,
and sells integrated circuit (IC) products.

- A Fabless semiconductor company outsources production

to a third-party (a Foundry) -
which manufactures IC products.

N
:-—0
Fabless Company IC Sales as a Percent of Worldwide _——
IC 5ales (1999-2013) " .
s :4"}'} ke ] T S
- - - =
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1H15 Top 20 Semiconductor Sales Leaders (SM, Including Foundries)

1H15 | 2014 e - 2014 iQis Q15 2Q15/1Q15 1H1S

Rank | Rank ey | Tot Semi | Tot Semi | TotSemi | % Change | TotSemi
1 1 |intel u.s. 51,400 11,632 11,946 % 23,578
2 2 |Samsung South Korea | 37,810 9336 10,301 10% 19,637
3 3 |Tsmct Taiwan 24,976 6,995 6,629 -5% 13,624
4 6 |SKHynix South Korea | 16,286 4,380 4,233 -3% 8,613
5 4 |Qualcomm** U.s. 19,291 4434 3,853 -13% 8,287
6 5 |Micron us. 16,720 4,061 3,800 6% 7,861
7 7 n us. 12,167 2,939 3,019 % 5,958
8 8 |Toshiba Japan 11,040 2,720 2,780 2% 5,500
9 9 |Broadcom** U.s, 8,428 2,058 2,096 2% 4,154
10 10 |ST Europe 7,384 1,700 1,754 % 3,454
11 13 |Infineon Europe 5,938 1,666 1,762 6% 3428
12 15 |Avago** Singapore 5,644 1621 1,690 a% 331
13 12 |MediaTek** Taiwan 7,032 1,506 1,528 1% 3,034
14 14 |NXP Europe 5,647 1467 1,506 3% 2973
15 11 |Renesas Japan 7,307 1,470 1,439 2% 2,909
16 17 |Sony Japan 5,292 1272 1,380 % 2,652
17 20 |Globalfoundries® us, 4,355 1,190 1,250 5% 2,440
18 18 |Freescale u.s. 4,548 1,169 1,180 1% 2,349
19 21 |umc* Taiwan 4,350 1,140 1,180 a% 2,320
20 23 |Sharp Japan 3‘515 1‘137 1,086 4% 2,223
— — Top 20 Total — 259,130 | 63,893 64,412 1% 128,305

*Foundry **Fabless

Source: Company reports, IC Insights' Strategic Revlews database
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1.1. History: Players and Market share

2014 Worldwide IC Company Marketshare by
Headquarters Location
WIDM Share ™ Fabless Share ™ Total IC Shace
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1.1. History: Players and Market share

End-Use Systems Markets ($8) and Growth Rates
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M 1.1, History: today and future..

+ From Gordon Moore (1965):

"There is no fundamental obstacle o achieving device yields of 100%. At
present, packaging costs so far exceed the cost of the semiconductor
structure itself that there is no incentive to improve yields, but they can
be raised as high as is economically justified. It is not even necessary to do
any fundamental research or to replace present processes. Only the
engineering effort is needed.”

* Was he right or wrong ? - So so...

Packaging costs are still higher than silicon bare die
Yield (at IC level) will never reach 100%

Yield (device level) is close to 100% (defects << ppm)
Process have been improved continuously for 50 years

- Testing of manufactured dies is mandatory

M 1.1. History: today and future...

«System in Package is characterized by any combination of more than one
active electronic component of different functionality plus optionally
passives and other devices like MEMS or optical components assembled
preferred into a single standardpackage that provides multiple functions
associated with a system or sub-system.»

== MNEMS Composita Subsirabe |

Low CTE gl modhubay
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Tiat R I R By
- oy v

he
whabdity wEg .
g0 w M 'F P ——
" ¥ « B + S W g recieintucte s
+ W gl BET] o Aaebly T -] + K ranany - Uhcrpamn
+ Wraber Liml el Thams s+ Wisrlne e

+ gl + Dplal e Nodarwaa dshen
Gk
Fasrs Professns Fas Tommals Geoia Waiite of Technoigy-Fackaning Reseaich Cemer

1¢



Analog IC Design - Academic year 2015/2016 - Session 1

[ M 1.1. History: today and future...

*+ From electronic chips (SoC) towards embedded
systems
- Digital and Analog electronics
- Software and Programmable hardware (FPGA)
- Memory (both volatile and non-volatile)
- RF and Non-electrical devices (sensors and actuators)

+ Intensive integration > PCB, 3DIC, SiP,

Intel quad stack

AN

M 1.1. History: today and future..

* Roadmap for embedded systems
- Always smaller and cheaper,
- Less power consuming,
- More fuctionnalities,
- More reliability,

04/09/1¢

1$



Analog IC Design - Academic year 2015/2016 - Session I

TOSHIBA

1.1, History: today and future..

MARVELL

+ Embedded systems and market

NFIMEQN SKTWORKS
TH58G6D1DTGS0 88W8686 SAMSUNG 5T MICROELEGTRONIGS |
LIS334 DL SMP SKYTT340
8GB Flash and CSR Bluetooth :Dﬁcal-mm itk BT} Power e .
DOR SDRAM Management £ INFINEDM
UMTS Trnnscerer

LINEAR TECHNOLOGY INFINEON
LTCA0EE2 Digital Baseband
Elatiory Changee’ Procassor

USE Controder

57N /s
|

i M 1.1. History: today

and future...

- Today: 22nm node
CMOS bulk with
Na=10!8 atoms/cm3

What is the number of
dopant in a minimum
size channel?

Cubic volume of 22nm
of side = 107 cm3

10 dopants Il
* Strong variability of
the threshold voltage

* Increase of leakage
currents

"Study of Random-Dopant-Fluctuation (RDF) Effects for the Trigate Bulk MOSFET« ,

Daln Current [A/20mm]

{a) Planar Bulk MOSFET
1E5+ Vios= u_]}-_r

Ipie = 7.7 pA/20nm
O (Vyp) =505 mV
V= - Vo= -94.2 mV

i””ululﬂ:ll 0.6 0.8 1
Gale Voltage [V]

IEEE Trans. on Electron Devices, 56(7):1538-1542, July 2009.
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{¢ M 1.1. History: today and future...

- Solutions for threshold voltage variability (and I,,/I,¢)
- If substrate doping cannot be controlled then let's work with
undoped silicon
- Solution 1: SOITEC-ST Microelectronics > planar Fully-Depleted
SOI (FD SOI)

Fully depleted SOl MOS transistor cross-section

http://hothardware.com/News/SoiTec-Announces-New-SOI-Roadmap--Industry-Uptake-Remains-Unclear/

P BN
,\‘ LN

O\ 1.1. History: today and future..

- Solutions for threshold voltage variability (and I,,/I ¢)
- If substrate doping cannot be controlled then let's work with
undoped silicon

- Solution 2: INTEL > 3D FinFETs or tri-gate transistors
(Berkeley, 1999)

Multiple Drains

/,/\

Multiple Sources

http://en.wikipedia.org/wiki/Multigate_device
https://eda360insider.wordpress.com/2011/06/19/are-finfets-inevitable-at-20nm-*yes-no-maybe’-says-professor-chenming-hu/
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M . Outline

> N
ThELY

+ Overview of Microelectronics technology

Elementary process steps

CMOS process at a glance

* Layout basics and design rules
+ Homework

* References

“aa 1.2. Microelectronic Technology:
M - foundries, fabs and masks...

> <
TPELY

‘\

£

+ Definitions (source Wikipedia, 2013)

- An integrated circuit or monolithic integrated circuit (also
referred to as an IC, a chip, or a microchip) is a set of
electronic circuits on one small plate ("chip") of semiconductor
material, normally silicon. This can be made much smaller than a
discrete circuit made from independent components.

- ICs can be made very compact, having up to several billion
transistors and other electronic components in an area the size
of a fingernail. The width of each conducting line in a circuit
(the line width) can be made smaller and smaller as the
technology advances; in 2008 it dropped below 100 nanometers
and in 2013 it is expected to be in the tens of nanometers.

- The front-end-of-line (FEOL) is the first portion of IC
fabrication where the individual devices (transistors, capacitors,
resistors, etc.) are patterned in the semiconductor. FEOL
generally covers everything up to (but not including) the
deposition of metal interconnect layers.

2
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a2 1.2, Microelectronic Technology:
:/ foundries, fabs and masks...

N> 4
TPEA

- Definitions (source Wikipedia, 2013)

- The back end of line (BEOL) is the second portion of
IC fabrication where the individual devices
(transistors, capacitors, resistors, etc.) get
interconnected with wiring on the wafer. BEOL
generally begins when the first layer of metal is
deposited on the wafer. BEOL includes contacts,
insulating layers (dielectrics), metal levels, and
bonding sites for chip-to-package connections.

- After BEOL there is a "back-end process" (also called
Eos‘r-fcb), which is done not in the cleanroom, often
y a different company. It includes wafer test, wafer
backgrinding (thickness reduction), die separation,
die tests, IC packaging and final test.

*
ey
=
o

1.2. Microelectronic Technology:
M ' foundries, fabs and masks...

N2 4
NI

* An integrated circuit is obtained from a highly
reliable process:
- Batch fabrication
- Reproducible
- Large volumes
- Automated

+ This process makes
use of photo-
lithography:

- Masks control the
process

04/09/1¢
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1.2. Microelectronic Technology:
M foundries, fabs and masks...

1»(\\

Microelectronic Technology is based on a silicon
wafer: the substrate that can contain hundreds
of elementary chips

0.5-0.8 mm
<« Diameter > Y
A
ntype: 3-6 Q-cm
p-type: 14-16  Q-cm
4" = 8" = 12"

8" =200mm = 300mm =» 450mm

1.2. Microelectronic Technology:
foundries, fabs and masks...

(,—‘ ‘\

*
\;M
0

A "n(\
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1.2. Microelectronic Technology:
=U\: foundries, fabs and masks...

A
-
-

4

N2 .

PR

1.2. Microelectronic Technology:
M ' foundries, fabs and masks...

N2 4
N
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1.2. Microelectronic Technology:
M elementary devices in CMOS (1/2)

N-channel MOS transistor + P-channel MOS transistor

Vg Vg

1 1

] ]

1 1

1 1
I Drain, D { Source, S

Gate, G 0—| Gate, G 0—4

Source, S Drain, D

- Complementary MOS = CMOS

A Other symbols may exist

* Drain and Source are defined after biasing the
transistor

MOS ftransistor is a four terminal device

1.2. Microelectronic Technology:
: M elementary devices in CMOS (2/2)

&

TPELY

+ MOST a canal N « MOST a canal P
VS VD Vdd VS VD
L= |
P | P+ I
P-Substrate V. >0 V. <0

A - Other substrate may exist (N-Substrate, double-
* well, SOT)
- Source may be connected to substrate (well for
PMOS)

04/09/1¢
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;,i;i*'"“: 1.2. Microelectronic Technology: from
M / silicon to ICs...

. Single die

FIGURE 1.2 Silicon ingot and silicon wafer.
(Conrlesy of Deoason Connpreny,)

4" ; 8" $ 12"

8" =20cm

From http://www.amd.com

7 aacy 1.2, Microelectronic Technology: from
M * design to manufacturing (1/2)...

’n(\‘

=
(O]

] —

(@] | a]f |

| o [

Poly N+ Contact Metal

Architecture System Behavioral Circuit Layout

AR
\a Level [ [ R B
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1ty

“aa 1.2, Microelectronic Technology: from
M design to manufacturing (2/2)...

#
ThELY

Layout to Silicon...

O
|

|:||:|i||:||:|

|
Well Active Poly N+ Contact Metal

Photolithography Masks

e85

M 1.2. Microelectronic Technology: wafer
-UN\: fab

TPELY

MICRONAS

2¢
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’

M 1.2. Microelectronic Technology: back-end

MICRONAS BACKEND

am Beispiel der
Multichip-Fertigung

‘A Outline

- Elementary process steps

+ CMOS process at a glance

* Layout basics and design rules
+ Homework

+ References
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M : 1.3. Elementary process steps

Full wafer 4]
Mask required 13

Mask possible %]

lon Implantation

Bore (p) Phosphore, Arsenic (n)

M 1.3. Elementary process steps

Fabveafedration
Mask required

Mask possible

Annealing
Before annealing

- T~
" N After annealing
900pC — 1100 N
(1530 minuges) N \J

>

Depth into

04/09/1¢
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1.3, Elementary process steps

Full wafer 4]
Mask required [X] Oxydation

Mask possible %]
Si+ 0, =>Si0, 0,

1 um

©1.3, Elementary process steps

Full wafer M Silicon nitride (Si3N4)
Silicon dioxide (Si02)
Mask required [¥] Deposition Aluminum
Polysilicon, ...

Mask possible ]

- Spin coating
- Chemical-vapor deposition (CVD)

- Low-pressure chemical-vapor deposition (LPCVD)

iy

- Plasma-assisted chemical-vapor deposition (PECVD)

- Sputter deposition

04/09/1¢
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\‘ 1.3. Elementary process steps

2

Full wafer ]

Mask required [ Evaporation

Aluminum

Mask possible [¥]

{ \]‘z 1.3. Elementary process steps

""'\ <
Ve )
NS/

Full wafer ™M

Mask required

Mask possible [¥]

Photoresist
Sio,

Photolithography

U

Y

04/09/1¢
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. Elementary process steps

=

Full wafer

Mask required £3]

=

Mask possible

Photoresist
Si0,

Etching

1.3, Elementary process steps

Full wafer |
Mask required

Mask possible [¥]

Si0,

Gaz (2PH,+40,) + 1000°C

Alternative: lon Implantation + Annealing

Diffusion

04/09/1¢



Analog IC Design - Academic year 2015/2016 - Session 1

« Homework
+ References

2 /i ViR N \
/oan 1.3, Elementary process steps: full
e . ¢ . L
5 M ' process for SiO, patterning
N4
TPEAY
Chemical or plasma
113111«
SiSUEStete Hardened resist
Si(&
(a) Silicon base material
—————————— Photoresist
S|02 (d) After development and etching of resist,
0 chemical or plasma etch of SiO,
2
(b) After oxidation and deposition Hardened resist
of negative photoresist 5'02
|11 11111111 Uvight
TWYYTVPVYVYYVYY
Patterned (e) After etching
% optical mask
= V‘r s vi—Exposed resist sio
2
(c) Stepper exposure (f) Final result after removal of resist
,;\‘ te ‘c/');‘
O\ Outline
3 ‘o : (
WY

CMOS process at a glance
* Layout basics and design rules

04/09/1¢
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1.4. CMOS Process at a glance:
* M ' application to a basic inverter

N4
TREA)

' Vid

Si0,

—

P Substrate

1.4. CMOS Process at a glance:
M ' application to a basic inverter

NS
WS

« A CMOS process is defined P ——
by the realization of Etch and fill trenches
elementary stepsina
Sp@CifiC order. Implant well regions

* Each step is controlled by a
mask inherited from the
layout

v Implant source and drain
=+ regions and substrate contacts

Def)o§i_t and pattern
polysilicon layer

P+
Sio, Sio,

Create contact and via windows
Deposit and pattern metal layers

P Substrate

04/09/1¢
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\

/Zan 1.4, CMOS Process at a glance:
M / application to a basic inverter

X
N\I75 [\\.

4

- OHRIO | O ---f--OH O

o [ 1 B []

N-well N+ Poly Contact Metall Via Metal2

i ~aa 1.4, CMOS Process at a Glance:
Mw application to a basic inverter

’p(\\'
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/v 1.4, CMOS Process at a Glance: Intel
M ' 0.25 pym

[N .
WP

5 metal layers
Ti/Al - Cu/Ti/TiN

LAYER BIICH THICK A.R.

Isolation 0.67 0.40
Polysilicon 0.64 0.25 .
Metal 1 0.64 0.48 1.5

Metal 2 0.93 0.90 1.9
Metal 3 0.93 0.90 19

Metal 4 1.60 1.33 1.7
Metal 5 2.56 1.0 1.5
nm um

Layer pitch, thickness and aspect ratio

R BN
p %) N

“O\: Outline

N N
WS

* Layout basics and design rules
* Homework

+ References

04/09/1¢
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M 1.5. Layout basics and design rules

Impact of polysilicon mask misaliecnment ?

N-Well N+ P+ Poly Contact Metall
o M 1.5, Layout basics and design rules
Impact of contact mask misalienment ?
f|:: A
/ /
N-Well N+ P+ Poly Contact Metall

04/09/1¢

3¢



Analog IC Design - Academic year 2015/2016 - Session 1 04/09/1:

M 1.5. Layout basics and design rules

L4

Design rules to prevent mask misalicnment impact !

Polysilicon mask
Field-oxide region y

Active-region mask| ~ Contact mask

Effective gate region

’

M 1.5. Layout basics and design rules

“
N

Serial connection of a pair of MOS transistors ?

Vi
Ve
Veo |
Va
N-Well N+ P+ Poly Contact Metall

3¢
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N-Well N+ P+

Ve
Vi — Vs
Vee
Poly Contact Metall

RN
AR N

{3 M 1.5. Layout basics

and design rules

'
P-substrate biasing Jl
Ve |
vV, v, GND Nl
vV,
VG
N-Well N+ P+ Poly Contact Metall

04/09/1¢
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M 1.5. Layout basics and design rules

P-substrate biasing: grounded source ?
Ve |
\'A GND GND

Vi

[ [l [l

N-Well N+ P+ Poly Contact Metall

M 1.5. Layout basics and design rules
o Vy
N-well biasing J Vg
Ve O|
Vv, v, vdd n
Va
Vs
N-Well N+ P+ Poly Contact Metall

4
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M 1.5. Layout basics and design rules

Vi

vdd

[

[l

N-Well

N+

P+

N-well biasing: source connected to V

vdd

VG—o|

[l

Poly

iy,

vdd

Contact

Metall

R BN
p %) N

“O\: Outline

N N
WS

« Homework

+ References
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M : 1.7. References and further readings

http://www.computerhistory.org/semiconductor/timeline.html
www.inemi.org

www.amd.com

www.intel.com

IC Insights, http://www.icinsights.com/

www.youtube.com

Applets Java pour la fabrication d'un inverseur
http://jas.eng.buffalo.edu/education/fab/invFab/

Remerciements : Michel Renovell
« CAO des Circuits Intégrés » - Cours M1 EEA Université
Montpellier IT




