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Microsystems

e Microminiaturized and integrated
systems based on
microelectronics, photonics, RF,
micro-electro-mechanical systems
(MEMS) and packaging
technologies.

e Source: http://www.eppic-
faraday.com/glossary.html
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Nanosystems

* The nanosystem may consist one or
more of the following functional
components: electronic, optical,
magnetic, mechanical, chemical,
biological, energy sources, and various
type of the sensing devices.

e At least one of these functional devices
must be 1n 0.1-100 nm dimensions.
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Example of Nanosystem

Samsung’s Mobile Phone Dials up Digital TV
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INTRODUCTION OF THE
NANO WORLD
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How Small?

Length: 4.05 x 10> m (Planck Distance)
Time: 1.35 x 1043 s (Planck Time)

Planck scale number set the ultimate limits
on the performance of computers

Black Holes as the potential material

Source: N. Gershenfeld “The Physics of
Information Technology”, Cambridge Press
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Real World

e Current: 1.0 x 10-2A
e Time: 1.0x10s(~1.0x10%5s)
e One Atom (0.1 nm diameter)
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Life: Perspective

Matter Dimension (nm)
Atom 0.1

DNA Width 2

Protein 5-50

Virus 75-100
Materials internalized by |< 100

cells

Bacteria 1,000-10,000
White Blood Cell 10,000

er For Silicon Nanoelectronics




Nanoelectronics

 Manufacturing of 45 nm Feature size silicon
Integrated circuits will start in early 2008

e Know how to use materials in dimension of
about 45 nm X 90 nm are available for any
kind of devices to be manufactured today
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Unique Opportunities

Global Agriculture industry ~ $1.9 Trillion
Global Electronics industry ~ $1.5 Trillion $

Global Power Generation Industry ~ $1.1 Trillion
and will grow to $2.25 Trillion in the next two

decades
Drug Industry ~ 0.5 T
Agriculture industry

rillion $
nas flat or very small growth

It Is possible that int

ne next one or two decades

Electronics industry may be bigger than

Agriculture Industry
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Semiconductor Market

End-use market drivers

450 ~ Cellular communication
Us $B L T

A0 = Cther communication

350 Handheld entertainment

300 | _— Video game consoles

250 Digital home video

200 ‘—/ Digital cameras

130 Routers
100 Notebook PCs
5[":' Desktop PCs/servers/W

1990 1995 2000 2005

WalterNews source: Semico Research
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Open Question

From 45 nm Feature size devices today to
devices down to 0.1 nm ??

Old Way: Top Down Approach (Lithography)

New Way: Bottom Up (One atom or few atoms at
one time)

UNIQUE OPPORUNITIES TO FIND
PATHWAYS BY OLD , NEW OR COMBINED
WAYS TO MANUFACTURE FUTURE
INFORMATION PROCESSING NANO
SYSTEMS
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Eternal Laws of Nature

 Laws of Physics can not be changed with
any amount of resources (time & money)

* Materials as small as a single atom also
follows the laws of thermodynamics
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Focus on Fundamentals

“A diode Is not capable of gain and so It cannot
serve as an active circuit element”

Ref: James D. Meindl , “ Microelectronic Circuit
Elements”, Scientific Americans, vol. 237 # 3, pp.
70-81, 1977

In mid 80s as Project Director of multi-million $
DARPA funded research project we worked only
on 3 terminal devices and rejected offers to develop
2 terminal based logic devices

Smart ways : “Phase Shift Mask leading & other
optical corrections” leading to sub-wavelength
photolithography
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Fundamental Understanding

Centimeter: Gravity, friction, combustion

Millimeter: Gravity, friction, combustion,
Electrostatic

Micrometer: Electrostatic, van der Walls,

Brownian
Nanometer: Electrostatic, van der Walls,
Brownian, Quantum
Angstrom: Quantum mechanics
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HISTORY OF NAO WORLD
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ORIGIN OF NANO WORLD

Vedas are the oldest books known to mankind
Nano World is based on atoms
ldea of atom documented in Vedas

“In the end of chaotic state the physical forces
were endowed with the energy to assume the form
of creation. There did get rise the multitude of
atoms full of motion.”

RIG VEDA 10-72.6
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In the Beginning - 4,000 BCE
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Nano World of the 20t Century

* Nano-size carbon black particles
have gone into tires for 100
years as a reinforcing additive,
long before the prefix "nano”
ever created a stir.

e A vaccine, which often consists
of one or more proteins with
nanoscale dimensions, IS also
gualified as nanomaterial
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Richard P. Feynman
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Feynman’s Vision

e ““The principles of physics, as far as | can see, do
not speak against the possibility of maneuvering
things atom by atom. It Is not an attempt to

violate any laws; It is something, in principle that
can be done; but In practice, it has not been done
because we are too big.”

e -Richard Feynman, 1959, at Caltech

* There’s plenty of room at the bottom

8 For Silicon Nanoelectronics




My Own First Hand Experience
of the Nano World

1-2 nm thick gate dielectric
based MOS device as Solar
Cells

Ph. D. Thesis , McMaster
University, 1979
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Scanning Tunneling Microscope

* Binning and Rohrer invented Scanning
tunneling microscope (STM) In 1982

 STM can only scan conductive samples

* They invented atomic force microscope
(AFM) in 1985

e They won Nobel Prize in Physics in 1986
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Nano-positioning

The ability to precisely position a
device with a precision measured
In nanometers depends on
— encoder resolution
— controller resolution
—amplifier noise
— D/A resolution and
— stability
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IBM - 1985
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Fullerenes — 1985 uu

" —

(d) SWNT (e) MWNT

SII‘ Harold W Kroto
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What 1s new In the Nano World?

e Using better signal to noise ratio

Instruments many new phenomena

have been observed

Opague substances become transparent (copper)
Inert materials become catalysts (platinum)
Stable materials turn combustible (aluminum)

Solid turn into liquid at room temperature (gold)
Source: Semiconductor International , Jan 2007,
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Carbon Nanotube (Semi. Int. Jan 2007,
IBM Work)
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MATERIALS AND
PROCESSING CHALLENGES
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Self Assembly

Understand and control the intra-molecular
quantum behavior of specifically designed and
synthesized molecules using a surface to
localize and stabilize them.

To Interconnect, assemble and test nano
devices and nano-machines starting from
atomic or molecular parts
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Self Assembly (cont..)

e The meanings of “Self Assembly” have
been taken wrongly

» All you see around is selective chemistry

* True self assembly process involve
programmed cell death or apoptosis( M. T.
Heemels, Nature, 407, 769,2000).
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Challenges in Self Directed
Assembly (Future Fab Int. Jan 2007)

Metric Aeguiremant

Detects and defect management strategias Comparable to current EWVEISTIE

Low Freguancy LER -1.5nm 34

Long Rangs CD Control ~1.2 nm 3a

Hesoluton 11 nmn

Essantial shapes Dense and Isolated LS, circles, hexagonal arrays, jogs

Owerlay and registraton 5.1 mm 3a

Throughput 1 Wikin

Etch and pattarn transtar -Movalak

Flacament and onantation Under developmeant

Multiple Sizes-Pitches/Layer Cverall Performanca 2-Aayer
Orther

Table 2. Near-terrmn Matevials Performance Reguiraments for Directed Seif-Assambly
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R. Singh Proc. IBM Conf. on SiO2,
1978

MOS THEORY
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Fig. 1 Experimental and theoretical open circuit voltage of
MIS solar cell as a function of oxide thickness.
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R. Singh Proc. IBM Conf. on SiO2,

1978
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Variation of the Strength of a Metal

 Variation of the
strength a metal with
grain size as the
variable. Optimum
value ~3-5 nm grain
Size

 Ref.: A. Lodha & R.
Singh, IEEE Trans.
Semi. Mfg., 14,281,
2001

s |
e
&
i

Grain slpe, o

I For Silicon Nanoelectronics



Semiconductor Fabtech, 20t
Edition, p. 104, 2006

Dominance of silicon CMOS based
semiconductor manufacturing beyond
international technology roadmap
and for many more decades to come

R. Singh, P. Chandran, M. Grujicic, K.F.Poole, U. Vingnani, S.R. Ganapathi, A. Swaminathan,

P. Jagannathan, & H. lyer, Clemson University, South Carolina, USA
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Thermal Conductivity of Silicon

Experimental Work  [6]
Ju and Goodson |

Liu and Asheghi (8]
Thearitical Prediction [6]
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Figure 1. The thermal conductivity of crystalline silicon layers at room temperature as a
function of thickness [6].
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Thermal Conductivity of Nanowires
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Figure 2. Thermal conductivities of nanowires in radial (x and y) and axial z directions [7].
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Thermal Conductivities and Heat
Sink

Thermal conductivities and heatsink resistance
e Current tested
s materials
ky < 50W/mK
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Figure 3. Thermal conductivities and heat sink resistance [10].
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Properties of Nano-films

NANOPROPERTIES
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Our Manufacturing Mantra

MICROSTRUCTURE HOMOGENITY: Best
Values of Performance, Reliability & Yield

Minimize magnitude and variations of local and global
thermal and residual stresses of each layer of material

Use point sources for fluid and energy delivery in every
tool

R. Singh, V. Parihar, K. F. Poole and K. Rajkanan,
“Semiconductor Manufacturing in the 215t Century”,
Semiconductor Fabtech, 9t Edition, pp. 223-232, 1999

R. Singh & K. F. Poole, US Patent No.: US 6,569,249
B1, Date of Issue: May 27, 2003
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tel Gives Up on Speed Milestone

Maker Won’t Offer
ium 4 at 4 Gigahertz,
ses on Cache Memory

By DoN CLARK

| Corp. is scrapping plans to hit a
ofile performance milestone for
ship microprocessor, the latest in
s of course changes and miscues
big chip maker.

_or Silicon Nanoelectronics

nologies to its product line, including put-
ting the equivalent of multiple processors
on a single chip, Mr. Mulloy said.

The chips affected by the schedule
change are known by the code name Pres-
cott, and are Intel's first products for
desktop PCs to be manufactured using a
process that creates circuits with dimen-
sions of 80 nanometers—or billionths of a
meter—down from 130 nanometers for
earlier chips. Such changes in manufac-
turing generations have allowed compa-
nies to lower production cost and power
consumption, whi ] :

ucts, which put the equivalent of t
more processors on a single chip.

The increased urgency is part,
cause Intel's Prescott design con:
more power than prier models, d
the move to 90-nanometer techn
The Pentium 4 operating at 3.6 gig:
draws up to 115 watts, compared w
watts for models operating at 3.2
hertz and below.

Rick Whittington, an analyst at
& Co., said Intel needs to move quic
counter competition from Advance.
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Wall Street, January 27, 2007

Tntel Alters Coglputer-_C}Tig Recipe

 Change in Materials
- Seeks Increased Speed
nd Power Efficiency

By Don Cmﬁx

Intel Corp. is on the verge of a sig-
nificant change.in the way it makes
computer chips, an advance in manu-
facturing technology that competitors

* are vowing to match. -
The Silicon Valley ¢ mpany was to
announce Saturday that it will replace
materials it has used for decades inits
next production process, which is
scheduled to begin churn- .
ing .out chips during the
“second half of this year. In-
. tel claims the change will

bring big gains in chip

speed while controlling
‘power consumption, con-

tinuing a pace of progr

that has helped boost the
capabilities of personal
computers and other prod-

ucts. -

_Butrivalsaren’t coriced-

ing that Intel has an advan-

tage, International Busi:

ness Machines Corp., for

example, on Saturday was

to announce a similar shift

in manufacturing technol-

ogy by early 2008, Texas
Instruments Inc. says itex-
‘pects to make the change

at roughly the same time.

Since the 1960s, compa

nies have raced to shrink the size of
transistors, the elements on chips that
switeh on and off-or store-datato carry

creases their speed and data-stora
capacity while lowering manyfactur-
ing cost. ’

The most advanced chips inproduc-
tion now have transistors and other
circuitry with dimensions of 65 nanom-
eters, or billionths of a meter. Getting
to the next technology generation—
which will shrink circuit dimensions
to 45 nanometers—presents new ob-
stacles. At those microscopic sizes,
eléctrical current can begin toleak un-

-clo:
als for making transistors whenits fac-

controllably from transislto , causing
problems such as rapidly draining the

_batteries of laptop computers.

Companies have long discussed the
need to adopt new materials to head
off the problem. But exactly when'they
would make the difficult transition
wasn't clear.

ntel, whose revenue makes it the
warld’s biggest chip maker, is now dis-
ng that it will use twonew materi-

tories begin ing up production of
45-nanometer chips this year. They will
replace silicon dioxide and polycrystal-
line silicon—materials derived from
the widely found element silicon thatis
the basic ingredient in most chips.

The company is identifying one of
the new materials as hafnium, a sil-
very element sometimes used in the
control rods in nuclear reactors. Intel
saiditis also adding twometals in mak-
ing transistors, but isn’t disclosing
what they are for competitive reasons.

Mark Bohr; who holds the title se-

" nior Intel fellow and helps lead manu-

facturing-technology development,
gaid the new production process can

squeeze twice the number o transis-

tors into the same space, That would al-
designers to either make
their products smaller—sharply reduc-
ing manufacturing ¢ or boost'the
number of tr: tors per chip.

Designers can use the manufactur-
ing technology tomake transistors op-
erate more than 20% faster, or to
sharply reduce-one form of elect
current leakage, he said. The produe-
tion process also causes a tenfold re- |
duction in current leakage from an-
other part of a transistor, he added.

Intel already has used the technol-

) ogytomake working prototypes of mi-

croprocessors that it might begin ship-
ping by the end of the year.. “When

..word of that spread through the com-

pany, you could just feel the excite-
ment level,” Mr. Bohr said. . |
IBM is announcing plans to intro-" |

- duce similar materials toits 45-nanom-

eter production process, which is be-
: ing developed jointly
with engineers from .
sony Corp., Toshiba
Corp. and Advanced
Micro Devices Inc.
IBM expects chips
based on the new ma-
terials to begin ap-
pearing in its com-
puter systems during
' the first half of 2008,
“We are coming
out with something
- that is hugely aggres-
sive,” said Bernie Mey-
evson, IBM's chieftech-

ment could be impor
tant in the long-run-
ning competition be-
tween Intel and AMD,
which fell morethan a
year behind Intel in
starting -65-nanometer production.
AMD has vowed to-close that gap, and
the fact it can use the jointly devel-
oped technology could help its plans !
to introduce products using 45-nanom- |
eter techmology by mid-2008. \
Texas Instruments, meanwhile, al-
ready has chosen a hafnium-based ma-
terial to add to its 45-nanometer pro-
cess, said a company spokesman. It is
also committed to adding the metal
technology for transistor gate: but -
hasn’t settled on the material, he said.
T1 plans to offer sample chips on the

.45-nanometer process by the end of

2007, he said, with volume production
expected in mid-2008.
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| eakage Current Density of 2.1 nm
High-K Dielectric
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Comparison of Leakage Current
Density
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Process Variation Analysis

e Based on the optimized parameters for In-Situ Clean,
Deposition and in-situ annealing we have conducted
repeatability tests.

e 99% prediction interval for the leakage current
density of a single future wafer is

(0.9746E-12 A/lcm?, 1.1104E-12 cm?).

« The implication of these results Is that for all the next
generation of CMOS the leakage gate current is zero

 This will reduce the heat problem and higher speed ICs
will be fabricated
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CNT - Fabrication

SWCNT - Single Wall Carbon NanoTube
- ] r - 3 - j. 1 H :
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SEM image showing long, exposed stuck nanotubes clumped together from a sample
(Source: IEEE Proceedings, page 1823, 2003)
WE EXPECT ALL KINDS OF PROBLEMS DUE TO LACK OF MICROSTRUCTURE HOMOGENITY
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Diameter Distribution of CNT

20256 J. Phvs. Chem. B, Vol. 110, No. 41, 2006
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Best Values of CNT Control of
diameter

e The distribution of diameter ~1.3t0 1.6 nm

* Ref: G. Zhang et al. Science, vol. 314, p.
974 (20006)
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Side views of the fully-relaxed structures of: (a) a perfect semiconducting zig-zag (10,0)
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Defect activation energy of SWCNT
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Defect Surface Concentration of
SWCNT
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IBM Millipede

200,000,000,000 bits/inch? AL
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Bottom Line Challenge in Bottom
Up Approach of the Nano World

Biological Systems work well in the presence of
defects

Throughput is low

DNA replication produces one error per billon
nucleotides

Silicon ICs are operating with failure in time (FIT)
of the order of one part in billon

Open Q : Why to use a low throughput and same
defect density technique
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DISRUPTIVE TECHNOLOGIES
IN THE NANO WORLD
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Fundamentals of Disruptive
Nanoelectronics

JOURMNAL OF NANMOSCIEMCE AND MANOTECHMOLOGY

Fundamental Device Design Considerations
in the Development of Disruptive Nanoelectronics

R. Singh.2+* J. 0. Poole.” K. F. Paole,* and S. D. Vaidya®

LCenter for Silicon Nanoelectronics and Holcombe Department of Electrical and Computer Engineering,
i

Clemson University, Glemson, South Carofina 28634-0915, USA
i

b Department of Physics. North Carciina State University, Raleigh, North Caroling 27695, USA

In the last quarter of a century silicon-based integrated circuits (1Cs) have played a major role in
the growth of the economy throughout the world. A number of new technologies, such as quantum
computing, molecular computing, DNA molecules for computing, etc., are currently being explored
to create a product to replace semiconductor transistor technology. We have examined all of the
currently explored options and found that none of these options are suitable as silicon 1C's replace-
ments. In this paper we provide fundamental device criteria that must be satisfied for the successful
operation of a manufacturable, not yet invented, device. The two fundamental limits are the removal
of heat and reliability. The switching speed of any practical man-made computing device will be
in the range of 10715 to 102 5. Heisenberg's uncertainty principle and the computer architecture
set the heat generation limit. The thermal conductivity of the materials used in the fabrication of
a nanodimensional device sets the heat removal limit. In current electronic products, redundancy
plays a significant part in improving the reliability of parts with macroscopic defects. In the future,
microscopic and even nanoscopic defects will play a critical role in the reliability of disruptive nano-
electronics. The lattice vibrations will set the intrinsic reliability of future computing systems. The
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Examination of Disruptive
Technologies

Reversible computers & Nano Motors Based on
Random Motion

Quantum Computers

Spintronics

Molecular Computers

Optical Computers

Carbon Nano-tubes Based Computers
DNA Computers
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HEAT DISSIPATION

Slow speed computers pose no fundamental limit

Human brain with neural density ~ 10° per cm?,
speed ~10-3 s handles a power density of 250
nW/cm?

The design of faster and denser computers Is
dictated by power handling capability

Commentary: Thermal Solutions Rut Threatens
Electronics innovation (1-2-07)
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http://www.edn.com/article/CA6402944.html?partner=eb
http://www.edn.com/article/CA6402944.html?partner=eb

Putting the Heat Flux Challenge into Perspective Honeywell

Shuttle Re-entry
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CPU Power is Steadily Increasing Honeywell

ITRS Power Predictions
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CPU Heat Flux is High Honeywell

IR image of an actual processor

' o
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Reversible Computation

« The literature on the topic of reversible computers and
nanotechnology has a fundamental flaw due to work of
Bennett of IBM cited example of biological systems.

o The fault in Bennett’s work is the fact that biological systems
capable of processing context-related events have to be open,
nonlinear and operate at non-equilibrium or preferably far
from equilibrium conditions at slow speeds of the order of
milli seconds. All of these requirements are not met in non-
biological closed systems and reversible computation with no
energy loss is fundamentally impossible.

o Silicon IC designers know that at best the concept of
reversible logic or adiabatic switching applied to integrated
circuits saves power at the expense of speed. This is already
In practice in a number of applications
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Random Motion based Motors

Similar to reversible computers, there are many claims that one
can operate a nano-motor based on the exploitation of random
motion, with no use of external source of energy.

The molecular motors on which life depends are open systems
and are driven by Brownian motion

For closed systems with no external source of energy, one can
never exploit “random motion” into useful work. Only by
supplying external energy source, the nano-machines can
operate Iin an open system mode.

The question of interfacing these man-made non-biological
motors at nano-scale with the micro-scale and macro scale
world is a practical engineering problem and does not pose any
fundamental issue.

3F For Silicon Nanoelectronics



Quantum Computers

e QUANTUM COMPUTERS: Since error correction Is
part of guantum computing, more heat will be
generated In a quantum computer than a VVon-
Neumann architecture based computer operating at the
same speed.

e Assuming that researchers can lengthen the
decoherence interval to 10 microseconds; quantum
computer chips will still consume more than 100
megawatts.

e The facts presented here indicate that qguantum
computers If ever realized will involve massive size
and extra ordinary cooling techniques (e.g. cooling of
a nuclear reactor) needs to be implemented.
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Molecular Computers

MOLECULAR COMPUTERS: The literature is full of
conceptual errors about the potential of molecular computing
systems. First of all a two terminal logical molecular device
will never find any practical applications in realizing a practical
system.

The second claim by the advocates of molecular computers is
that components as large 1024 can be accommodated in the
design of molecular nanoelectronics. The power density values
for such a molecular computer (molecular device area of the
order of 0.025nm?) operating at switching speed of 1 ps will be
of the order of 10%° W/cm?.

Thus due to heat dissipation problem, it is fundamentally
Impossible to envision general purpose molecular computers.
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CNT Based Computers

Band gap too small (noise problem)

Thermal Conductivity along the tube axis is more than 30
W/cm x °C and in a direction normal to tube is only 0.056
W/cm x °C.

Hotspots are created both in devices as well as in
Interconnects at nano dimensions [J. Kloeppel, Science
Daily, Jan 2006 ].

Anisotropy and local heating will severely affect the
reliability of CNT based computers.

Also, problems due to electrical inter coupling may arise in
case of CNTSs.

In a recent work [Z. Chen, et al. , Science, vol 311 ,March
2006 ], an unwarranted claim of higher performance is
made without the inclusion of any parasitic and the
reported switching time is of few naano second.
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Requirements of new technology

PROCESS

Substrate size

450 mm diameter

Feature size

<45 nm

Thermal conductivity

>Silicon

Integration density

>1010 elements/cm?

PERFORMANCE

Operating Temperature

Room temperature

Power consumption

<103 fJ/switch

Gain >10
Speed <100fS
Reliability <0.1FIT
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Ultimate Computer ?

 Nano-diamond based C-MIS FET deposited
on Silicon Substrate

e Nano-diamond is the only material that can
meet all other fundamental requirements and
provide complimentary FET (u,= 2200 cm?/V-s
and u,= 1600 cm?#/V-s ) in line with the legacy
of silicon CMOS

 Best for high temperature, high performance,

high frequency, and high power
Nanoelectronics
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OPPORTUNITIES &
CHALLENGES OFFERED BY
THE NANO WORLD IN THE

AREA OF ENERGY

CONVERSION
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Energy Losses are Tremendous

SOURCES Electricity Sent to Grid USES

Nuclear 8%

Electrical System
Energy Losses

Lost
RENEWEES Energy
6% 61%
“ I '
Natural Gas t‘
20%

Imports 3%

Energy lost in the process of

converting, transporting, &

distributing energy is

significant; more than 60% of

energy inputis lost. A 1%

Imports decrease could save more than
$3.0B annually*.

Coal 23%

Non-Fuel 6%

US Petroleum
15%

Oil Imports
25%

* NCI estimate using $50/bbl oil & $3/mmbtu blended cost for gas/coal
Source: Lawrence Livermore Natl Labs; EIA

2002 Data: Net Resource Consumption ~ 97 Quads

Sources less than 1% not included
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Growth of Cell Phones In India

By the end of year
2008, one third of the
population (billon
nlus) will have cell
phones

Number of mobile users ip India, - |

_In millions
150 oy
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Key Issues In Energy Conversion

Local generation of power can provide a solution
similar to the growth of Cell phones

* Electrical power provide an ideal solution for a
number of applications

* The Environmental issues can not be ignored

« During the life time of a particular device the
energy converted must be much more than the
energy consumed In the manufacturing of a
particular device. This will dictate the economics
of a particular process or method

« Materials used in any device or method should not
Increase the prices of raw materials used in the
manufacturing (R. Singh & J. D. Leslie, Solar
Energy, 1980). Based on this concept we stressed
silicon as an ideal photovoltaic material.

F For Silicon Nanoelectronics



Electric Power Generation: Fuel Cells

J. Scott, Proc. IEEE, 94, 1815, Oct. 2006

Chemical-to-Electric Energy Conversion

A

Heat Engines Direct Conversion
My < 1= (T Ty Ny < | = (TAS/AH)

A T

Batteries Fuel Cells

Carnot Cycle Anode Y Cathode . > @
R | ! - Cathode

Electrolyte —
(r ra DO Electrolyte
5 1o to M%) Ay
Ton (1, up to 70%46)
Fluid Cycles Thermoelectrics Photovoltaics
(s ip o 599 {Secheck Effect) {Photoclectric Effect)

Diesel/Oito Cyele - .
o » ” Metal/Oxvgen Batteries
Brayton Cycle (aka Fuel Cells )

Rankine Cycle

=

Stirling Cycle ;
Anode athode

Electrolyte
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H, Economy Does Not Makes Sense

_or Silicon Nanoelectronics

U. Bossel, Proc. IEEE, 94, 1826, Oct. 2006

Renewable AC electricity

Hydrogen 100 kWh
I

AC-DC conversion AC via grid

(95%) transmission
95_kWh (90%)

 — 90 kWh
Electrolysis
(75%)

Electricity

| AC-DC conversion
and

battery charging
(85%)
77 kWh

Electric vehicle
ol - e with

Fuel cell vehicle Fuel cell vehicle regenerative braking
90% 90% {90%)

23 kWh | 19 kWh 69 kWh




Challenging Opportunities

MOLECULAR COMPUTERS: The literature is full of
conceptual errors about the potential of molecular computing
systems. First of all a two terminal logical molecular device
will never find any practical applications in realizing a practical
system.

The second claim by the advocates of molecular computers is
that components as large 1024 can be accommodated in the
design of molecular nanoelectronics. The power density values
for such a molecular computer (molecular device area of the
order of 0.025nm?) operating at switching speed of 1 ps will be
of the order of 10%° W/cm?.

Thus due to heat dissipation problem, it is fundamentally
Impossible to envision general purpose molecular computers.
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Challenging Opportunities

Thin film silicon solar
cells

New Solid State batteries = 80 High-brightness LEDs
White Light LED

High-brightness LEDs,
Including those used In
room lighting systems, S 20 Standard LEDs
will account for about
86% of the world’s $6.7 TR
billion total revenues for
light-emitting diode sales
in 2010
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CHIP AND PACKAGING
MANUFACTURING
INNOVATIONS
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Sustainable Profitability

Cost is the main issue

Fabless gl Foundry

Design
cost

is the
main
issue

EDA
Vendors

_or Silicon Nanoelectronics
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\ Almost non existent
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Challenges

Shrinking process window

Shrinking to
a point

|
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Reduction of Defect Density

Defect Density Trends
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Future Lithography Requirements

(ITRS)
Node | Defect Throughput |Overlay |Linewidth
(nm) | Density | (# of (nm) roughness
(#/cm?) wafers/h) (nm)
45 10.03 60 8.0 2.4
32 |0.02 60 5.7 1.7
22 10.02 60 4.0 1.2
16 [0.01 60 2.8 0.8
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LITHOGRAPHY

 EUV Lithography not yet ready for
manufacturing

e Nanoimprint Lithography Template defects
have been driven down to <0.1 per cm? and
iImprint defects to <1.0 per cm?

e For 32 nm node, both metrics must reach
<0.01 per cm?
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Our Manufacturing Mantra

MICROSTRUCTURE HOMOGENITY': Best Values
of Performance, Reliability & Yield

Minimize magnitude and variations of local and global thermal
and residual stresses of each layer of material

Uniform Sources for fluid and Energy Delivery In
Every Tool

R. Singh, V. Parihar, K. F. Poole and K. Rajkanan,
“Semiconductor Manufacturing in the 215t Century”,
Semiconductor Fabtech, 9t Edition, pp. 223-232, 1999

R. Singh & K. F. Poole, US Patent No.: US 6,569,249 B1, Date
of Issue: May 27, 2003
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CURRENTLY USED SWP STEPS IN IC
MANUFACTURING

SINGLE WAFER
PROCESSING
Wafer Processing Wafer Processing
 Furnaces for Certain thermal processing * All steps other than certain furnace
steps processing and wet cleaning are
- Wet Cleaning for certain surface cleaning | SWP steps
steps
Packaging Packaging
- Most of the steps are based on batch e Lithography
processing « Some applications of SWP tools
for surface cleaning
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Cycle Time Advantage of Single
Wafer Manufacturing

3-5 weeks

Offshore
Assembly

days required
routing time

S 5
i
= =
=|:|F"'
= &
= o=

Number of
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|[EEE Spectrum (February 2005)
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Ultimate Limit of Manufacturing:
Single Wafer Processing
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Classical Packaging Limits

» Classical Package consists
of

e« TIM1
e Heat Spreader

i .
TheMaterial TI M 2

Thermal Interface Material

it

(TIM-Thermal Interface

W
llllll
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Thermal Interface Material (TIM)
Typical Thermal Values

Material

Bulk Thermal
Conductivity

(W/mK)

Typical Thermal
Resistance

(" Kcm2iW)

High Performance
Grease

0.5-10

0.08-0.15

Phase Change Material

0.5-5

0.08-0.15

Bismuth Tin

12-14

0.05-0.08

Lead Tin

30-35

0.04-0.07

Silver Tin

25-30

0.03-0.06

Indium

50-80

0.03-0.05

Indium Based Thermal solutions are proven to provide the highest bulk
conductivity and lowest Thermal resistance of the currently available

technologies
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MEMS — Packaging Challenges

acceleration, pressure) Electrical Cost effective packaglng & robust
«Electrica

Physical reliability are two critical factors for
Tolerated influences successful launching of MEMS products.

(e.g., temperature, shock)

Rejected influences
(e.g., moisture)

» Unlike conventional IC packaging, some external influences on MEMS
become desired inputs.

» Moving Microsystems structures create difficulty in applying traditional plastic
encapsulation techniques.

Mechanical | Chemical | Physical |

Environmental factors Stress Temperature

affecting a MEMS device > Vibration
Shock
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Innovations in Packaging

Power Dissipation of Processor

Single Core ———————————p| Multicore

Power (watts)

1971 1974 1978 1985 1992
Year

Power comparison of single- vs. multi-core microprocessor. Source Intel Corp.

By moving from a single high speed core, to a multi-core architecture
operating at a slower speed, the heat is reduced and improved performance of
the packaged system is obtained.
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Innovations in Packaging (Cont.)

TABLE 1. COMPARISON oOF siNGLe. © | Multi-core architectures enable

AND DUAL-CORE MICROPROCESSORs. | Nigher performance than single
cores with low power dissipation.

Processor name Due to the significant

Technology node (nm) Improvement in thermal

Clock speed (GHz) | efficiency, the performance of
Power (W) the multicore processor is high
Number of transistors even though it runs at lower

(million) speeds.
Source Intel Com.
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Integration via Package (SIP)

e Pragmatic SIP Cellular application

“Sub-System in a Package™:
Relevant functionality Analog Poner Mot s
combined in single package o
(e_g_ LogiC + Memory, RF DATAFLASHModuIe'_
etc.) when it makes -
business & technical sense

e Ultimate SIP

Single multi-function,
package with all needed
system-level functions (e.qg.
Analog, Digital, Optical, RF
and MEMS)
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Chip Stacking (Limits)

» This method stacks fully
prOcessed and tested « Smallest size & best solution for 3G mobile phone

¢ 1.2mm thickness with 6 memory dies stacked

standalone components to
produce a system-in package

g . X c Wl‘:r_lﬂ first 6 Chips
(Si P) . _..'-_' * v I. Package
. = % 6. 16Mb SRAM
* The Components In the b *a; 3 P 5. 128Mb NOR Flash
I L QA 4. 128Mb Mobile DRAM
vertical stack are connected NG P vwwors
with traditional wire bonding WA A0 L o

or flipchip techniques. (PKG Size: 105X 100X L2mm)

e Research groups have Samsung 6-die stack
announced functional stacks
of as many as eight chips.
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System on a Chip

Definition: Integration of all components into a
single chip

Integrating similar technologies provides cost and
performance/power advantages

Example: Logic, processing, SRAM, etc in Digital
CMOS

Integrating dissimilar technologies requires
balancing cost, process, and functional tradeoffs

Embedded DRAM
SiGe + CMOS
Flash Memory + Logic
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Integration Via Silicon (SoC)

| Logic el - ER
| Rl Flash
ol
W M = |
' 90nm Transistor Gate | == T | i _ 0.16um? Flash Cell
. on 0.13um Process | ] oI
el =3ss el "N

J

PXAB800F Cellular Processor

Density, Speed, & Power Consumption are improved...
Cost, complexity, and flexibility suffer
Source: Intel
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NEW COMPUTER
ARCHITECTURES
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Computer Architectures

 With the availability of low-cost ultra high speed
silicon based nanoelectronics, breakthrough in
computer architecture can lead to major
advancements in computing systems.

 DNA width of 2 nm Is true representative of
nanotechnology operating in nature for as many
years as DNA based living systems have existed.

e The number of neurons in the human brain IS
estimated to be at approximately 100 billion.
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Computer Architectures (contd.)

« With an average of 1000 neurons per connections,
there are approximately 100 trillion connections in
an average human brain

 With slow switching speed of the order of 10-3 s,
human brain handles a power density of the order
of nW/cm? to uW/cm?2 very well.

 Past progress of artificial intelligence systems and
artificial neural network systems has been less
than satisfactory.
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Computer Architectures (contd.)

 For future progress, one has to study the
relationship of mind and brain from a new
philosophical point of view. The new
philosophical approach must take into account the
fact that we have low-cost ultra high speed and
reliable logical devices and a massive amount of
memory at our hand

» Recently Federal Drug Administration (FDA)
approved vagus nerve simulation system that can
be implanted under the collarbone and send an
electrical signal to the part of the brain that seems
to regulate moods.
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Computer Architectures (contd.)

e The fact that relationship between brain and
mind Is being established in current clinical
approaches, one has to focus into research
directions that will lead to invention of new
computer architectures that will exploit the
relationship between mind and brain and
capitalize on the low-cost and reliable
hardware available for developing
computing systems beyond our current
thinking.
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INNOVATIVE DESIGN
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CHALLANGES

More abstract

ngrieatinn
-~ Tesling

More concrete
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Design, Fab and Packaging

System Defined . Board Design

v

Package Design

Cut {"m'ta' A OPrPC
Chip Design Corrections
Shorten

design cvele —» APC
time Design “« Control
Tools
Reduce Time
'l.'\
to NMarket f Reduce

D-e-'-slgl manufacturing

. variations
Modeling  + | signature as early as

design stage

HeatDrop l

mpact testa \
1 Packa C'at costs of

ging package
development

Stress and
material analvsis
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Design for Manufacturing (DFM)

e DFM Is connections

1| Ny within designs,
connections within the
T T manufacturing tlow,
and connections
between Design and
Manufacturing
bt Iate Corac b e e sradt * Ref. Future Fab Int. #
defects that can negatively impact device yields.
22, p. 38, Jan 2007
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DFM (contd.)

Accelerated Entitled
Ylald

Unattained

Wield

Higher Yield
Introduction

1

I

I

1

I

I

I

1

I

I

1

1

l

! -

¥ Slow
I Ramp
:

I

Low iald
Imtroduction

N Product Cycles Time

Figure 2. As product cycles tighten and market win-
dows collapse, there is no gray area for yield. It must
be high going into production, ramp quickly to enti-
tled yield and stay there.

Random defects are no
longer primary focus of
yield loss. Unlike in the
past systematic and
parametric defects are
major cause of yield loss.

Market Windows are
collapsing from months to
weeks.

Ref. Future Fab Int. # 22,
p. 38, Jan 2007
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DFM (contd.
EE [l =

Particles Vias CMP  Lithography Varatians

=
=
=
=
o
-
[ =
1)
=

Figure 3. The evolution of the design-to-manufac-
turing flow has necessitated a shift away from point
tools to fully integrated solutions that can take into
account a host of yield-limiting defect types and
sources.
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DFM (Contd.)

Definition

Development Validation Ramp

QUAL

DFM Co-optimization

Figure 1. Product-Technology Synchronization Life Cycle




PLATFORM INTEGRATION
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Convergent Systems are driver of
future growth

Convergence of audio, data, voice, sensing etc. In
a single system

Convergent systems are providing convergence of
computer, telecom, and consumer products on one
platform

System on Chip (SOC) and System in Package
(SIP) are two different approaches to meet the
goal of convergence

Sensor Integration & energy conversion device
Integration are potential growth areas for
convergent systems
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Convergent Systems (contd.)

* Materials problems related to system
Integration are highly challenging (lesson

learned from a failed GaAs/SiI Venture of
Motorola )

e Asshown in the early slide, Cell Phones
will be used for platform integration for
convergent systems and will provide more
growth than one was thinking couple of
years back
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NEW BUSINESS
OPPORTUNITIES
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COMMON MAN ELECTRONICS MARKET

« THERE ARE ABOUT 1 BILLION HUMAN BEINGS ON
THE EARTH WHO ARE READY TO PURCHASE AN
ELECTRONIC DEVICE (SERVING THE PURPOSE OF
COMPUTER, & CELL PHONE ETC.) PROVIDED THE
COST is ABOUT $100. THESE DEVICES MUST HAVE
“ACCESS”, “AVAILABILITY” AND “AFFORDABILITY™.

e THE $100 BILLION ELECTRONICS MARKET IS NOT
FOCUS OF ATTENTION OF LARGE CORPORTATIONS

« UNIQUE OPPORTUNITY FOR LESS DEVELOPED
COUNTRIES TO TAKE ADVANTAHE OF THIS MARKET

« THESE DEVICES WILL BECOME EDUCATIONAL
TOOLS AND HELP IN REOMVAL OF POVERTY
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CONCLUSIONS

Profitability Is the main issue

Only system level innovation will lead to
profitable new products

Defect density and throughput main
manufacturing challenges

Opportunities exist to change business
models and create paradigm shift

Consider both technical and business 1ssues
In your R & D plan (you can not separate
them any more)
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