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Historia y evolucion tecnologica

1946. ENIAC-Electronic Numerical Integrator And Computer.

First generation
electronic modules

Vacuum lamp

The first electronic “ENIAC” computer

24mx09mx30m 27 Toneladas
e 160KW
o 1.5 Mflops
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1948. Primer transistor en los Bell Labs
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1954. Primer computador con transistores

Computador Transistores individuales BJT
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1961. Primer circuito integrado

Tl and Fairchild introduce the first logic ICs

Solo unos pocos transistores
Muy muy caros $50

3-input Gate, which in 1966 was
manufactured by Motorola
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1962. Primer transistor MOS
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1970 Primera 256-bit Static Random Access Memory (SRAM)

Fairchild 4100 256-bit SRAM
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1970 1K-bit Dynamic RAM (DRAM)

Intel 1103 1K-bit DRAM




Historia y evolucion tecnoldgica

1971 Primer microprocesador
2300 transistores a 1 MHz

Intel 4004 Mlcroprocessor
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1975. Ley de Moore: La capacidad de integracion se multiplica cada
18 meses
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Los chips actuales ya tienen mas de 1000 millones de transistores



Historia y evolucion tecnoldgica

La frecuencia de reloj se multiplica por dos cada 2 anos
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El coste de un transistor de divide por dos cada 1.5 anos
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Historia y evolucion tecnologica

La densidad de potencia se multiplica por 2 cada afno

Power Density (W/cm?)
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2000. Pentium IV 2006. Core 2 Duo 2010. Xeon 7500

Xeon® 7500

e Technology: 180nm e Technology: 65nm e Technology: 45nm
« Contains 42 min e Contains 291 min e Contains 2.3 bin
transistors transistors transistors

o 2 GHz operation o 2x3.2 GHz operation « 8x2.6 GHz operation
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Manufacturing process size
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Transistor density comparisons among global top-tier wafer
foundries (Unit : 100million/square mm)

Estimations of node transistor density of top-tier wafer foundries
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W;kiChiP TSMC Device Scaling (MTr/mm?)

Chips & Semi
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Gate Cost Trend
=50
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Semiconductor industry evolution

(Source: High-End Performance Packaging: 3D/2.5D Integration report, Yole Développement, 2020)
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Productividad
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Coste de un C.1.

o NRE (non-recurrent engineering) Prototipos
[J Disefno
[J Mascaras

o Produccion
[J Procesado del silicio, encapsulado, test

[J proporcional al volumen
[J proporcional al tamano

Universidad de Zaragoza, IEC.



Coste de los Prototipos

Maskset Typical Cost (Sk)

2,000
1,500
1,000
500
0
180 nm 130 nm 90 nm 65 nm 40 nm 28 nm
B Multi Project Wafer W Single Layer Reticle

Universidad de Zaragoza, IEC.



Coste Total

§415M

Adanced Design Cost

§145M

:

S200M




Coste de un chip

circulto

oblea

.....

BRI
AMDZ1
hasta 12” (30cm)

From http:/ /www.amd.com
Universidad de Zaragoza, IEC.



http://www.amd.com/

Coste de una oblea

$18,000
316,000
$14.000
412,000
$10,000
8,000
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Rendimiento

//o' \ //j' ‘\(\

A\
D

costechip = f (area chip)*

Universidad de Zaragoza, IEC.



Coste por chip

Chip Metales | Anchur coste Def./ | Area | Piezas/ | rendimi | Coste/c
a pistas oblea cm? mm? oblea ento hip
386DX 2 0.90 $900 1.0 43 360 71% $4
486 DX2 3 0.80 $1200 1.0 81 181 54% $12
Power PC 601 4 0.80 $1700 1.3 121 115 28% $53
HP PA 7100 3 0.80 $1300 1.0 196 66 27% $73
DEC Alpha 3 0.70 $1500 1.2 234 53 19% $149
Super Sparc 3 0.70 $1700 1.6 256 48 13% $272
Pentium 3 0.80 $1500 1.5 296 40 9% $417
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Proceso de fabricacion
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Salas blancas

« Control
+ limpieza: particulas de polvo
+ temperatura: 211 °C
+ humedad: 40 £ 10 %

« Vestuario especial

* Servicios
+ Aire acondicionado
+ Aire comprimido
+ Vacio

+ Agua desionizada

+

+

Gases ultrapuros
Tratamiento de residuos

Microelectrénica m.

CNMMB (CSIC)



Crecimiento de los lingotes de silicio

Universidad de Zaragoza, IEC.



Planarizacion: Puliendo la oblea

From Smithsonian, 2000
Universidad de Zaragoza, IEC.



Inversor CMQOS

Layout:

Leyenda:
Metal 2
Via Metal
1
Contacto
Polisilicio
Difusion N Out ’
Difusion P In

N
Pozo N L ’ L

Gnd — .

I
]
I
I

Vdd

NMOS PMQOS

Universidad de Zaragoza, IEC.



Seccion transversal A-A’
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Seccion Transversal
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Proceso Tecnologico CMOS

Crecimiento
Epitaxial
Obtenciodn del Pulido
silicio
Oxidacion
Térmica Implantacion
I6nica
Test del circuito y
Corte
Aplicacion
de Fotoresina Difusién
Cableado
Implantacion
de Metal
Encapsulado
| Limpieza 'y
Pasivacion

Recocido Limpieza Secado Al graphics and text content are copyright 1997, Fullman Company.



Etapas fotolitograficas

Photoresist coating

Photoresis
SiOo—»

Exposure

Etching

Mask

Exposed Photoresist removal

Unexposed ! i

Development

7474




Ejemplo de méascaras

o N-well Process mask

n-well mask (top view)

ll

Photolithogra

Diffusion or ion
Implantation



Mascara de pozo N

1 Difusion del Pozo N
espesor=7-10 A

2 Recrecimiento de
Oxido fino

Universidad de Zaragoza, IEC.

P Substrate




Mascaras de difusion Ny P

3Implantacion de una barrera
de Si;N, - B
(proteccion de las zonas activas) | |

4Recrecimiento del 6xido
grueso de aislamiento

(méscara inversa)
5 Limpieza del 6xido
finoy el Si;N,

P Substrate

Universidad de Zaragoza, IEC.



Mascara de polisilicio

6 Recrecimiento del dxido de
puerta

espesor = 350-500 A

7 Implantacion del polisilicio
espesor = 5000-1000 A

P Substrate

Universidad de Zaragoza, IEC.



Mascara de difusion N

8 Difusion N
espesor = 0.5-1.5 A | 0 |

P Substrate

Universidad de Zaragoza, IEC.



Mascara de difusion P

9 Difusion P
espesor = 0.5-1.5 A | 0| |

A ' '
7V O ] i aikx U
vy GAGHAL %

[

10 Deposicion de SiO, en
toda la oblea

P Substrate

Universidad de Zaragoza, IEC.



Mascara de Contactos

11 Apertura de los Contactos | 0 |
diff-metal 1

P Substrate

Universidad de Zaragoza, IEC.



Mascara de Metal 1

12 Metalizacion Metal 1
espesor = 10000 A

13 Deposicion de SiO,
espesor = 5,000 - 10,000 A

Universidad de Zaragoza, IEC.




Mascara de Vias

14 Apertura de las Vias

(contactos metal _1-metal 2) | |

Universidad de Zaragoza, IEC.



Mascara de Metal 2

15Metalizacion Metal 2
espesor = 10000 A

16Pasivacion y apertura de
los contactos de soldadura

Universidad de Zaragoza, IEC.
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GLOBAL FOUNDRY

https://www.youtube.com/watch?v=UvIuuAliA50



https://www.youtube.com/watch?v=UvluuAIiA50

Reglas de diseno

o Interfase entre el disenador y el ingeniero de proceso

o Guias para construir las mascaras del proceso

o Unidades: Anchura minima de un linea
[J Reglas escalables: parametro lambda
[1 Dimensiones absolutas

Universidad de Zaragoza, IEC.



Reglas Intra-Layer
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Layout del transistor

Transistor

Universidad de Zaragoza, IEC.



Vias y Contactos

Metal to

Metal to Poly Contact

Active Contact 1;._

—————————————————————————

Universidad de Zaragoza, IEC.



LLogica combinacional CMOS

Universidad de Zaragoza, IEC.



LLogica combinacional CMOS
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LLogica combinacional CMOS
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LLogica combinacional CMOS
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Layout CMOS: INV

Universidad de Zaragoza, IEC.

g Out




Layout CMOS: NAND2
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Layout CMOS: NOR?2
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Layout CMOS: AOI
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Layout CMOS: Celda RAM
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Integracion 3D

2D
Interconnect

!

SOC
Solution

Package-on-Package (PoP)

3D
Inte reonnect

_ Throuah Silicon Via (TSV)
ASTRI Propristary
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Integracion 3D

Evolving 3-D TSV Applications

2012 2014

HetermmgeEnsous integration

CMODS image sensor DRAM memary Memory on log

" Dagitad alghal prOcesor | = o _/
20 pm TSV 5 pm TSY

35 pm TSV

=32 pm T3V
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Opciones de Diseno

Circuitos Integrados

Circuitos STANDARD Circuitos de Aplicacion Especifica
msi, Isi, micro, dsp ...
|

Configurables por Programacion Configurables por Mascara
| |
| | | | |
SPLD’s (PAL) CPLD'’s ... FPGA's... SemiCustom Full Custom
(StdCell G.A)
SPLD = Simple Prog. Logic Device Configurable Logic Blocks (CLB):  Memory Look-Up Table
. Planos AND-OR

PAL = Prog. Array of Logic Puertas l6gicas
CPLD = Complex PLD Input / Output Blocks (I0B)
FPGA = Eield Prod. Gate Arra Bidirecional, latches, inversores,

9. y oullup/pulldowns

Interconexion or Routing

: . Local, reatimentacion interna, global
Universidad de Zaragoza, IEC. ¢




Estructura Full-Custom

Pads

RN

I
FE A NE B8 B
—

Data path

RAM

[T 111
[T 1]

[

170

= e

ADC

Universidad de Zaragoza, IEC.




Pentiun Pro (P6) 1995

Microprocesador

Universidad de Zaragoza, IEC.

Multi Chip Mudule
Microprocesador y Cache

Intel p6:

32 bits

5.5 M transistores
200 Mhz.

0.35um, 4 metales



Opciones de Diseno

Circuitos Integrados

Circuitos STANDARD Circuitos de Aplicacion Especifica
|
| |
Configurables por Programacion Configurables por Mascara
| |
| | | | |
SPLD’s (PAL) CPLD'’s ... FPGA's... SemiCustom Full Custom
(StdCell G.A)
SPLD = Simple Prog. Logic Device Configurable Logic Blocks (CLB): Memory Look-Up Table
. Planos AND-OR
PAL = Prog. Array of Logic Puertas l6gicas
CPLD = Complex PLD Input / Output Blocks (I0B)
FPGA = Eield Prod. Gate Arra Bidirecional, latches, inversores,
9. y oullup/pulldowns
Interconexion or Routing

: . Local, reatimentacion interna, global
Universidad de Zaragoza, IEC. ¢




Estructura Standard Cell

Feedthrough
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Standard Cell

........................

wdd 1. wdd_r
O
LEF T = « « « « « « « e RIGHT |
— EEm . mE
- amm 5 mE
" EEm B am
|| . —_— . - e .
o amE | EE
=
{!U 'Hmn .L!j ‘'mm
D § S | O
R O o S'ToF;BOTTOM
.. . . . ALl. TOP;BOTTOM . . . . . . . . .
LJ0R; BATT . P s
[‘1 LEE N TOP; BOTTOM |
= -,
R mhEE BRE=
mmy A=
|
| I
i..i {i—l .........
I..I | B |___' .........
'|__'___'__1| ...............
gnd_l ................ gndr‘
+++++++++ = L

........................

........................

........................

Universidad de Zaragoza,

IEC.

Fanout 4x | 0.5 um | 1.0 pm | 2.0 pm
Al iphi 0.595 0.711 0.919
Al ipih 0.692 (0.933 1.360
Bl iphi 0.591 (0.739 1.006
Bl iplh 0.620 0.825 1.1.81
Cl iphi 0.5[74 0.740 1.029
Cl _iplh 0.554 (0.728 1.026

3-input NAND cell
(from Mississippi State Library)
characterized for fanout of 4 and
for three different technologies




Standard Cell chip

[Brodersen92]

Universidad de Zaragoza, IEC.



Opciones de Diseno

Circuitos Integrados

Circuitos STANDARD Circuitos de Aplicacion Especifica
|
| |
Configurables por Programacion Configurables por Mascara
| |
| | | | |
SPLD’s (PAL) CPLD'’s ... FPGA's... SemiCustom Full Custom
(StdCell G.A)
SPLD = Simple Prog. Logic Device Configurable Logic Blocks (CLB): Memory Look-Up Table
. Planos AND-OR
PAL = Prog. Array of Logic Puertas l6gicas
CPLD = Complex PLD Input / Output Blocks (I0B)
FPGA = Eield Prod. Gate Arra Bidirecional, latches, inversores,
9. y oullup/pulldowns
Interconexion or Routing

: . Local, reatimentacion interna, global
Universidad de Zaragoza, IEC. ¢




Sea-of-gate Primitive Cells
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Using gate-isolation

Using oxide-isolation

Universidad de Zaragoza, IEC.



Sea-of-gates

Memory
Subsystem

Universidad de Zarago

za, IEC.

Random Logic

LS| Logic LEA300K
(0.6 um CMOS)
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‘Concept-to—SiIicon Design Flow

High Level Design

Automated Design Verification Custom Design

Description in Logic simulation
HDL z Specification

Logic Synthesis \ Equivalence / Circuit
and Optimization / checks \ design
Gate Level Timing analysis Tran_sistor_LeveI ‘ Transistor
circuit S =4 R | cvel Circuit

Physical e / Physical
Synthesis / Schematic check \ Design

_ _ messssmm) | Design Rule Physical
Physical design C— checks : dgsign

® Synopsys University Courseware
Synnpsys Copyright © 2011 Synopsys, Inc. All rights reserved.
EDA Tools
Lecture - 1

Developed By:Vazgen Melikyan




Digital IC Design Flow
oo —

Simulation tool Description simulation
v
Synthesis tool > Logic Synthesis
v

Formal Verification
(RTL Vs Gate level circuit)

v
STAtool Pre-layout STA

Verification tool

yes

Floorplanning,
Placement & Routing

v

Formal Verification
(Layout Vs.Synthesized Netlist)

v
STAtool Post-layout STA

Physical synthesis tool

Verification tool

no yes

® Synopsys University Courseware
Syn[lpsys Copyright © 2011 Synopsys, Inc. All rights reserved.
EDA Tools
Lecture - 1

Developed By:Vazgen Melikyan




‘ Physical Synthesis Steps

SYNoPSYyS'

Synopsys University Courseware
Copyright © 2011 Synopsys, Inc. All rights reserved.
EDA Tools
Lecture - 6
Developed By:Vazgen Melikyan




‘ Floorplanning

Core placement
area

T~

[TTI]TIT

. I —
The location of the core,

I/O areas and the P/G grid E— ]
Grid Straps —
— —

gl

(I/0O) area —
Syn [] I:)Sys® Copyrig ht%/g%ﬂiyz)%gggzg?%fﬁ\évstrse reserved.

Lecture - 6
Developed By:Vazgen Melikyan
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Placing Macros and Standard Cells

cornerul ] ol cormerur

Applying physical
constraints

Placing macros and
standard cells

Running incremental

placement
cornerll 2 cornerlr
Synopsys University Courseware
S‘/" []PS\/S Copyright © 2011 Synopsys, Inc. All rights reserved.
EDA Tools
Lecture - 6
14 Developed By:Vazgen Melikyan



‘ Clock Tree Problem

® Synopsys University Courseware
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Clock Tree Synthesis (CTS)

A buffer tree is built to balance the loads and minimize the skew

® Synopsys University Courseware
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‘ Types of Routers

=  Global routers
o function
= determining routing areas
= assigning net to routing areas

= minimizing global routing area, path
lengths

o congestion, approximate path length
= Detail routers
o goal
=  routing actual wires

= minimizing routing area, path
lengths

o general-purpose - maze, line probe

o restricted -channel, switchbox, river
routers

= Specialized
o power, clock routers

® Synopsys University Courseware
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‘Concept-to-SiIicon Design Flow

High Level Design

Algorithms and
Concept Architecture L DSP

Automated Design \erification Custom Design

Description in ic i i
HBL | Logic simulation Specification
Logic Synthesis \ Equivalence

<-I

Circuit

checks \ design
Gate Le'VE| Timing analysis Transistor Level - Transistor
circuit | ~ Simulation Level Circuit

Physical Layout vs. .
U Schematic check Physical

Synthesis Design
Extarction &
/ Analsysis
: : — - Physical
Physical design C— [ Defﬂgégu'e ]
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DEMO

https://drive.google.com/file/d/1JrvboKfFANKOPNHtWe695EF k2hFIvfiqgf/view?usp=sharing
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VERIFICACION

o Test Funcional

[0 Estudio estimulo-respuesta
[0 Simulador logico

o Analisis temporal

[0 Calculo directo de tiempos entre la salida de un biestable y la entrada
del
siguiente (suponiendo el disefio sincrono)

e Tiempos de propagacion
» Tiempos hold y set-up

o Test de Circuitos Integrados (Fabricacion)

[ ¢Esta este circuito bien fabricado?
Universidad de Zaragoza, IEC.



Catastrophic defects

28 FEB 96
lum  SoNDIA LAB #BA39~

Ll um3BL KU 4B2E3 39E6-45 46814

residual particle masked the metal-etch
process - optical electromigration notch

Sources: T. Reuter, et al , Using laser-based patterned-wafer inspection for memory and logic applications; J. M. Soden, et al, IC Failure Analysis:
Magic, Mystery, and Science; C. F. Hawkins, et al, Test and Reliability: Partners in IC Manufacturing, Part 1
Integrated Circuit Testing



>5M transistor microprocessor, its surface is
196mm2, it has 5 levels of wiring

Integrated Circuit Testing

0.2n m x 0.4p m nickel particle
causing a short between two nodes

Sources: D. P. Vallett, IC Failure Analysis: The Importance of Test and Diagnostics
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