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Simplified very basic CMOS Process

CMOS inverter — n-well process

Polysilicon Al

SiO,

p-substrate



A Modern CMOS Process

CMOS inverter — dual-well trench-isolated process

gate-oxide
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Circuit Under Design
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Its Layout View



Diameter
12 inches
(300 mm)

Weight
100 Kg

Silicon ingot




Photo-Lithographic Process

optical
mask

Oxidation 1000 C

- pro Clean room
= = (class 1-10)

Def:
Class 1:
fehrg:,c:’raels(ias;hing) photoresist coating (1um) < 1 d USt

stepper exposure

particle per
cubic foot

Typical operations in a single
\ photolithographic cycle (from [Fullman]).

acid etch

photoresist |
developmentis

process spin, rinse, dry
step

In each processing step, an area of the chip is masked out using optical
masks, so that the process step is selectively applied to the other regions
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Example of process step:
Patterning of SiO2

Si-substrate

(a) Silicon base material

Photoresist

SiO2

Si-substrate

(b) After oxidation and deposition
of negative photoresist

UV-light

Patterned
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;—_—' Optical mask
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4-Exposed resist

Si-substrate

(c) Stepper exposure

l l l l l l Chemical or plasma

Hardened resist

SiOZ

Si-substrate

(d) After development and etching of resist,

chemical or plasma etch of SiO2

Hardened resist
SiO2

Si-substrate

(e) After etching

SiO

Si-substrate

(f) Final result after removal of resist



Recurring process steps (1/2)
* Doping
— Diffusion (gas with dopant, 900-1100 °C)
— lon implantation
 Lattice damage (displacement of atoms)
- Annealing step (1000 °C for 15-30’ + slow cooling)
* Deposition (of layers over the complete wafer)
— Oxidation [silicon oxide]

— Chemical Vapor Deposition: gas phase + heat (850 °C)
[silicon nitride]

— Chemical deposition (polysilicon: silane (SiH,) gas over
heated wafer (600 °C) = reaction an polysilicon formation

— Sputtering (for aluminum): evaporation in vacuum
chamber



Recurring process steps (2/2)

e Etching (defines 3D patterns on the surface)
— Wet etching (with acid or basic solutions)
 e.g. Hydrofluoric acid for silicon oxide
* Almost isotropic
— Dry or plasma etching
* Plasma: mix of nitrogen, chlorine, boron trichloride
 Strongly anisotropic (steep vertical edges)
* Planarization (flatten the surface to allow layer deposition)
— Chemical Mechanical Polishing (CMP)
* Liquid carrier with a suspended abrasive component



Simplified CMOS Process flow

Define active areas | ¢ Active areas: where transistors are
Etch and fill trenches . . .
. J * Field oxide: insulator between
. v . neighboring devices
Implant well regions  Wells in the active areas
|\ J
( i ¥ N\
Depo§|_t and pattern e Gate stack
polysilicon layer
|\ J
( ¥ 2\ ° .
Implant source and drain Contact doping
L regions and substrate contacts )

Y

Create contact and via windows
Deposit and pattern metal layers

Metal Interconnects
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CMOS Process Walk-Through

(a) Base material: p+ substrate
with p-epi layer
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(b) After deposition of gate-oxide and
sacrificial nitride (acts as a

buffer layer)

(c) After plasma etch of insulating
trenches using the inverse of
the active area mask
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CMOS Process Walk-Through

(d) After trench filling, CMP
R RRIRIRR planarization, and removal of
oo teratets sacrificial nitride

0. 0.0

(e) After n-well and
VTp adjust implants

g) After p-well and

™ adjust implants
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CMOS Process Walk-Through

SELT - ALIGYEY
PRoC EBSS

(g) After polysilicon deposition
and etch

kE)j /poly(silicon)
—1

C
&>
——

(h) After n+ source/drain and
ptrsource/drain implants. These
steps also dope the polysilicon.

AN ALY

(i) After deposition of SiO
insulator and contact holezetch.
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CMOS Process Walk-Through

AN

.\\\\\\1

Al

(j) After deposition and
patterning of first Al layer.

(k) After deposition of SiO 2
insulator, etching of via’'s,
deposition and patterning of
second layer of Al.
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Advanced Metallization

' Dual damascene IC process

* Stud lithography and
reactive ion etch

* Wire lithography and
reactive lon etch

* Stud and wire
metal deposition

* Matal chemical-
mechanical polish

Source: 18M Corp.



CMOS Manufacturing process
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Circuit Process
designer engineer

All material: Chap. 2 of J. Rabaey, A. Chandrakasan, B. Nikolic, Digital
Integrated Circuits, second edition, Prentice Halls, 2002



Design Rules

* Minimum line width depend on lithography and
process

* Micron rules: absolute dimensions for intra-layer
and inter-layer layouts
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Layers in 0.25 um CMOS process

Layer Descripice

Representanon
m. m3 oo m5

contacts & v

achie area
ad FETs

npliss pplus b

Colorplate 1. CMOS layers and representations
(for vanilla 0.25 um CMOS process)
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Intra-Layer Design Rules
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Colorpiate 2. Intra-Gayer lryout Cesign rules, Cxpressed as MNMUM dIMensons and Spacngs.



Transistor Layout

0 dp

fransistor
Colorplate 3. Dosign rules
concerning transistor layout.
The device shown is a

0 631 PMOS transisior,
well WII)' ]
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Vias and Contacts

0. X (comact 1o contact)

T 014y (poly 1o conmact)

. 009 (zaetal 30 contact)

poly-mil-m2 overksp wr}w

' :
4
|
] . .
. - Yot
- -

035

0 14y (adif 1o conmact)

metal 10-poldy
contaxct

Colorplate 4. Design rules regarding contacts and vias,
Overlapping layers are marked by merged colors.
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Select Layer

n+ select p~ select
n-well contact p-well contact
B B
EE BE 2 o
03p D445 0.44;1

v

n-well implicit p-substrate

Colorplate 5. Design rules regarding well contacts and
select layers.



CMOS Inverter Layout

n«well contact

vee PMOS

Ot

poly-meral
contace

N .\-L : .'

e

~_

p=well contact

Colorplate 6. Layout of inverter in 0.25 ym CMOS technology.



Layout Editor
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Design Rule Checker
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Sticks Diagram

* Dimensionless layout entities

* Only topology is important

 Final layout generated by
“‘compaction” program

Stick diagram of inverter
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Packaging Requirements

Electrical: Low parasitics
Mechanical: Reliable and robust
Thermal: Efficient heat removal
Economical: Cheap
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Bonding Techniques

Wire Bonding

Substrate

Die

Lead Frame

Gold wires, large inductance
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Tape-Automated Bonding (TAB)

Sprocket
hole

Film + Pattern Solder Bump

Lead
frame Substrate

(b) Die attachment using solder bumps.

Polymer film

(a) Polymer Tape with imprinted

wiring pattern.



Flip-Chip Bonding

m\\\\W— Top (where circuit is)

Interconnect

Solder bumps

—
layers

Substrate
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Package-to-Board Interconnect

(a) Through-Hole Mounting (b) Surface Mount



Package Types




Typical Capacitances and Inductances of Various Package and Bonding Styles (from
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Package Parameters

Package Type Capacitance | Inductance
(pF) (nH)
68 Pin Plastic DIP 4 33
68 Pin Ceramic DIP 7 20
256 Pin Pin Grid Array 3 15
Wire Bond 1 1
Solder Bump 0.5 0.1

[Sze83])
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% Multi-Chip Modules
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Logic Transistors per Chip (K)

10,000,000 Logic Transistors/Chip 100,000,000
.10m 1,000,000 [— Transistor/Staff Month / 10,000,000
100,000 |  58%/Yr. compound / 1,000,000
e 10000 Complexity grow\th rate y / 100,000
1,000 >/ 10,000

XV /

100 /X 1,000
/( X T /
2.5m 10 21%/Yr. compound —1 100

Productivity growth rate
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2300 PMOS
10 um process

Clock:
108 KHz

Area:
3Smmx4mm

Intel 4004 — custom design

Courtesy Intel



ion to Automation and Regular

Trans

Structures
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Intel 4004 (

Intel 8085

Intel 8080

! O

&5 m

s STEER) 4 JENRE

Courtesy Intel Intel 8436

Intel 8286



Standard Cell — Example
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Standard Cell — The New

Cell-structure
hidden under
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MacroModules

256x32 (or 8192 bit) SRAM
Generated by hard-macro module generator



“Soft” MacroModules

string mat = “booth”;
directive (multtype = mat);
output signed [1l6] Z = A * B;

Synopsys DesignCompiler



“Intellectual Property”
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Sea-of-gates
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RAM-based FPGA

Xilinx XC4000ex

Courtesy Xilinx



Xilinx Virtex UltraScale

Value Dellverables

Programmabie System . Upr.SMSystemLopccmatzOrwnusmz"‘moonBD

Integration i
integrated ! COG Ethemet MAC and 150G Interlaken cores

Increased System Performance Up 10 two speed-grade improvement with high weiization
30G transceivers for chip-to<hip, chip-1o-0ptics, 286 backplanes
16G backplane capable transceivers at haif the power

2400 Mu/s DDRA for robust operation over varying PVT

BOM Cost Reduction ® Up to SO% lower cost -~ haif the cost per port for Nx100G
systems
¢ VOXDO and fractionsl PLL integration reduces clocking
Component cost
e 2400 Mb/s DDRA in & mid-speed grade

Total Power Reduction ® Up to 405 lower power vs. previous generation
* Fne granular clock gating with ASIC.like clocking
¢ Enhanced logic cell packing reduces dynamic power

Accelerated Design * Footpring compatibility with Kintex UitraScale devices for
Productivity scalabily
* Seamless footpring migration from 200m planar 1o 16am FnFET
¢ Cooptmized with Vivado Desgn Suite for rapid design closure



IC Production — Installed capacity

Worldwide Capacity by Product Type as of Dec-2012
(Installed Monthly Capacity in 200mm-Equiv. Wafers x1000)

& Memory © Foundry & Logic Product :::stalled WO:l‘d::ide

Micro & Analog Other Type (K'::;:“)' Total
Memory 52374 36.1%
Foundry 3,990.7 27.5%
Logic 1,791.3 12.4%
Micro 1,493.8 10.3%
Analog 1,387.4 9.6%
Other 596.5 4.1%
TOTAL 14,4970 100%

Source: IC Insights



IC Production
Breakdown by Region

Regional Capacity by Product Type as of Dec-2012
(Installed Monthly Capacity in 200mm-Equiv. Wafers x1000)

Product | Americas Europe Japan Korea Taiwan China ROW Total
Analog 3235 3283 3919 315 19.2 1535 139.4) 1,387.4
Memory 3829 293 3383 3620| 52374
Logic 3411 167.8 704.2  363.1 37.7 709 1065| 1,791.3
Micro 3264 2511  26.3 51 112 1466l 14938
Foundry 2965 1355 1245 2546 7373 5433[ 39907
Other 500 1285 1192 675 101 198 2013| 5965

Total 14,497.0

Source: IC Insights

Korea, Japan ~ 2x Europe
Taiwan ~ 3x Europe



Memory roadmap
NAND Flash Process Roadmaps (for Volume Production)




Evolution of Extended CMOS

Elements

l Beyond CMOS

* year
serp 2011 ITTRS Winter Conference — Songdo City, Incheon, Korea - Dec, 14, 2011 m




SRAM Layout




6T SRAM - 28 nm CMOS TSMC
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Courtesy of Chipworks



NAND - $/GB

$1,000

$100

$1

NVM Applications

-

Cost Decreasing
~50% / GB / Year

.-

USE Drive

DSC Card
32MB - 4GB °9MB - 468

Density Increasing
2X per Year

2006

2008

2010

2012

Component Density, Gb



Distribution

Distnbution

4

Multilevel concept: 1

Threshold voltage distribution

VRead

" 1 " .lo. '
ll1 1“ "1 0' "01 " llOO’l
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a 1 bit/cell => 2 |levels

0 2 bit/cell => 4 |levels



Multilevel concept:
Program and verify mechanism




NAND: From gate wrap to 2D planar
(a) (b)

E

- ;o e
Fig. 1: Cross-sections of a conventional wrap FG cell (a)

and an Intel-Micron 20nm planar FG cell (b).
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2012

e 8 GBIMFT NAND Flash
e 20 nm technology node
e More than 32 billion MOS devices in 118 mm?



Now: 3D NAND Architectures

Vertical string Horizontal string
(Vertical channel) (Vertical gate)
/

i? Forocess
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Power Delivery Network of a Smartphone

Power delivery network

CPU core; D8-1.225V
[—l DC-DC Back :

converter DO p———1 DRAMVDD: 12V

I DC-DC Buck l [ 3 -
s LDO }—o— Audio codec 10: 1.8V

D0 ] Camera analog: 285V
— Display Backlight: 3.8V

Fig. 1. Conceptual diagram of the PDN in a smartphone platform.

Lee et al., IEEE-TCAD Vol.33, pp, 136, 2015.




MEMS Global Market

MEMS MARKET FORECAST:2014 - 2020VALUE (IN BS)

(Sowrce; Stotus of the MEMS Industry, Yole Développement, May 2015)
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MEMS Gyroscopes

Traditionally used in navigation when the geomagnetic
field is absent (i.e. in space) or disturbed (i.e. on a
plane, in a tunnel).

NOW used in:

e Stabilization devices
* Robotics

* Tunnel Mining

* Weapons

When the GPS does not work (indoor, in space, in bad
weather)



MEMS Gyroscopes

Traditionally used in navigation when the geomagnetic
field is absent (i.e. in space) or disturbed (i.e. on a
plane, in a tunnel).

NOW used in:

e Stabilization devices
* Robotics

* Tunnel Mining

* Weapons

When the GPS does not work (indoor, in space, in bad
weather)






Basic 1-axis accelerometer

F.=2mvQ



Basic 1-axis accelerometer

C, ________ O LE.=2mvQ

|

Fixed plates



One axis accelerometer

coriolis frame detection frame

comb drive coupling spring

V, Xdrive
parallel plate capacitors [9)
Z

aoon ydetection






