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ERC Members and Participants

Founded in 1996 by NSF & SRC; now almost entirely industry funded

Founding Universities
> UArizona

> U California — Berkeley
> MIT
> Stanford

Other University members

Arizona State U (1998 -)
Columbia (2006 - 2009)
Cornell (1998 - )

Georgia Inst. of Tech. (2009 -)
U Maryland (1999-2003)

U Massachusetts (2006 - 2009)
U North Carolina (2009 -)
Purdue (2003 - 2008)

U Texas - Dallas (2009 - )
Tufts (2005 - 2008 )

U Washington (2008-)

U Wisconsin (2009-)

Cumulative Data:
16  Core member Universities
241 PhD and MS
205 Undergraduates (reported)
13 Academic disciplines

> 80% of graduates joined SC industry
& suppliers (mostly ERC members)

10  Current member universities
28  Current PI/Co-Pls
37  Current graduate students
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A Formidable Economic Ecosystem

IT-Enabled Services  ~$55T

Electronics ~$1.2T

Semiconductors ~ $250B

Suppliers ~ $60B
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Applications that Have Changed Our World

Health/Medical
Environmental
Security/Safety

Communication and
Information Management

—
1980 1990 2000 2010 2020
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Unprecedented Growth
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"The number of transistors
per chip will double every
18 months” Gordon Moore
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Year of Volume Production Source: Intel
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Shrinking of Device Dimensions

MOSFET in 2008

First MOSFET e e
(1960) ; B Gate thickness <1 nm

Channel Length <10 nm
Junction depth <50 nm

Size of an atom ~ 0.5 nm

50 nm length
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Trends in Feature Size
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High Volume Manufacturing Date

| Engineering Research Center for Environmentally Benign Semiconductor Manufacturing |




lh-l. !ﬁ"?)m.-lm
weglwug

~ ELHES FIET A EY 3

=

.A !hm

3

n&m =Ry

cl

—_—

>60 Elements

-

n[-m[=xH =aflzapl=ag u&m MM
—%lezs

= =¥ QEW n&m “hm

JERRRE] - g[=23[=[-a¥[ns 33

=
EER ST 2 SES|=AS
=28 lexi|r2F 238 =88
nz¥lv2g|rx§ sxF|=4€
a8 lvajlrad «B3lxeE
2eflsnSlen} SEE|w2f
ndBlonE 2323 |=o3
=58|v8d asg|=ed
uvm ﬂnm SGM nnm
o R FIEE 1

=

nkm Dtm :

15 Elements

-
O
-
D
)
=
=
D
Z
(-
o
c
o
o
&)
-
©
o
-
)
-

| Engineering Research Center for Environmentally Benign Semiconductor Manufacturing |

Source: Terrence McManus, Intel

11 Elements




Is this Growth Sustainable?
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Definition of Sustainability

“SUSTAINABILITY” is like “PEACE”:
It enjoys a universal appeal and full agreement;

the disagreement in ONLY in what it means and how
to implement it.
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Sustainability Factors

Factors that determine the sustainability of a product, a process,
a manufacturing operation, or an industry:

1. Product performance
2. Cost and economic factors
3. Environmental impact
> Safety and Health
> Soclal factors and
compatibility
> Resource utilization and
availability

Cost

Performance Obstacles

Area of Triangle =
Manufacturing Burden

To be Minimized

Upper Level
Constraint

ESH Impact
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Sustainability lHlustrated

Industry
Footprint
(Manufacturing
Burden)




Sustainability Challenges
Environmental, Safety, and Health (ESH)
Aspects of Nano-Manufacturing

1. Nano-Particles in Manufacturing
» Workers exposure to nano-particles in the fabs
« Emission of nano-particles through fab waste streams
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Functionalized Fabricated Nano-Particles

New name for some old materials

e

| Zwischen 4 und 20 Millimikron

bewegt sich die Teilchengrofie von

Aerosil = fumed SiO,

Particle size:
4-20 milli-micron (nanometers)

New additive for coating industry

dem ncuen Hilfsmittel /

fiir die Lackindustrie

Bitte, fordern Sie den neuen Prospekt an

DEGUSSA

Colorants & Coatings
ABT, RUSS . FRANKFURT/M.,

(Farbe & Lack Journal; April 1949)
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What is Unique About Nano-Particles?

Treatment problem:

» Nano-particles cannot be effectively removed
by agglomeration, settling, and filtration; they
also clog membranes.

Svynerqistic ESH impact of nano-particles:

. Active surface — Adsorbed

. . P i contaminants
« Selective adsorption
e Pore condensation (Kelvin Effect)

[, Concentration
Consequence {. Facilitated transport
o Enhanced life-time
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Toxicity Enhancement in Nano-Particles

a) Nano-particles in the gas phase
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b) Nano-particles in the wastewater

* 10 ppb of Cu** In CMP
wastewater results in
3x10° ppb of adsorbed
copper on 90 nm CeO,
nano-particles

10 ppb of PFOS In
wastewater results in
2.8x10%ppb of
contaminated 10 nm
carbon nano-particles
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ESH Aspects of Nano-Manufacturing

2. Impact on Resource Utilization
* Increase Is water, energy, and chemical usage
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Issues in Cleaning of Nano-Structures

Convection
Convection

Convection/
Diffusion
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Mechanism Time Scale Flow Effect

Boundary Diffusion d?/D ~10s Indirect, mild
Convection d/u~1-3s Direct, strong
Desorption 1/ky~0-10°s No effect

New metrology methods
New cleaning chemistries
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L_arge Wafers and Small Features
ESH Challenges
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ERC results show large increase in
water, chemicals, and energy usage
In various nano-manufacturing
processes as feature size decreases
and wafer size increases.

Cleaning Time (min)

Trench Depth (um)
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A Novel Metrology Technology:

Electro-Chemical Residue Sensor (ECRS)

Side View of Trench

Unique Characteristics:
* In-situ
» Real time
On-line
High sensitivity for small feature sizes
Very short response time
Total integration

H,SO,

" Eom oy lll“

L)
0..’..
°,

Solution (pH)  UPW (pH=7) HCI(pH=6) HCI (pH=5)
Resistivity (M) 18 2.3 0.23
Resolution  (ppt) 5 30 400

o
[N}

Sensor Output (% full scale)

5) 10 15 25
Time (min)
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ECRS: Winner of 2009 Product of the year Award
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Cleaning of Nanostructures

Process Simulation

Multi-component species transport equations :
OC. « Surface Charge

Change in tank concentration : * Diffusion

« Surface reaction

oC
V__b=Q(C, — A-FI .
ot QCin =Gy )+ W « lonic transport

Surface adsorption and desorption:

Cqy

—>2% —_k .C.(S5.~-C -k, ,,C
ot a2 o 02 32) d2~S2 Convection

[
»

] ) Convection/
Poisson equatlon: Diffusion

Desorption
where charge density: iCi /

Ohm’s law:

where electrical conductivity:
o = > )l.i Ci
I
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A Novel Staged Rinse Process

Extent of
Cleaning

Desorption

!

Convection
B ——

Dominant Operation Parameters:
* Temperature

* Time

» Water Purity

Dominant
« Additives

Operation
Parameters:
* Flow
* Mixing

iTransition: Final Surface Cleaning Ti
1 ! Ime

| Engineering Research Center for Environmentally Benign Semiconductor Manufacturing |




Engineering Research Center for Environmentally Benign Semiconductor Manufacturing




ESH Aspects of Nano-Manufacturing

3. Introduction of New Materials
* New device materials, new processing fluids, etc.
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Introduction of New Materials

ESH Impact ‘
and Risk
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Introduction of New Materials

ESH Impact
and Risk

Complexity
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Example: Challenge of Replacing PFOS

Global Distribution of PFOS in Wildlife PFOS in human blood PFOS in drinking water

Canadian and Norwegian Baltic Sea (eagles, mammals)

Alas{a (polar bear) / Arctic (seals)

_ Great Lakes
(river otters) (bald eagles, fish

/lr and other birds) Pacific(tun
Coastal Califory

(birds)

Korea and Jap:
J PFOS PFOA  PFHS  PFOSAA  Ms70
Southeastern Mediterrancan (£ 0
i P o € - - . -
North Pacific ﬁ,ammals, birds) X Figure 1. Median fluorochemical concentrations and

(albatrosses) IQRs for blood samples collected in Washington
County, Maryland, from adults living in proximity in
1974 (n = 178 serum samples) and 1989 (n = 178
plasma samples) and in the county in 2001 {n = 108
@ Antarctica (penguin, seals) serum samples; Olsen et al. 2003c).
PFOS and other PFCs detected in

Environ. Sci. Technol. 2001, 35, 1339. Environ. Health Perspect. 2005, 113, 539. drinking water resources worldwide

* PFOS banned for most application is the US and EU.

* PFOS listed as chemical for regulation within the Stockholm
Convention on Persistent Organic Pollutants (POPS)

« EPA Provisional Health Advisory Levels for PFOS 200 ng L!
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Molecular Design of PFOS-Free PAGS

aliphatic or aryl unit

4

acid size,

miscibility,

thermal stability,
absorption, outgassing.

perfluorinated unit

]

acid strength,
absorption

chromophore

! |

photosensitivity,
absorption,
thermal stability.

Polar Hydrophilic Aromatic  Linear

branch

Nonpolar Hydrophobic Aliphatic ring

Sugar based
“Sweet” PAG

Natural molecules
based
Biocompatible/
Biodegradable PAG




ESH Aspects of Nano-Manufacturing

4. Positive Environmental Impact
« Opportunities for major ESH gain
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Material Usage Index in Various Industries

Mining
Oil & Gas

Chem/Petrochem

Petroleum Refining

Pharmaceutical

Electronics

Semiconductor

Nano-Technology

|
Euct Feed Material
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Two Basic Approaches to
Manufacturing Structures

1. Subtractive: Carve the structural details In
a solid block or solid deposited layers

2. Additive: Place the final materials only In
places where they are needed.
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Subtractive Fabrication (where it does not work)

"y R

Building a
House

@ '




An Example of Subtractive Processing
Deposition and Patterning of Dielectrics

Conventional ESH
Lithography SIES

dielectric

o Precursors, HAPs, wastes
deposition

VOCs, waste

spin-on
imaging layer

selective
irradiation

VOCs, radiation

VOCs, HAPs

development in
aqueous base
dielectric HAPs, PFCs
patterning

resist A/B chemicals, solvents

strip

A/B chemicals, UPW

imaging
layer strip
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Conventional Subtractive Processing
Deposition
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Conventional Subtractive Processing
Planarization

e
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Conventional Subtractive Processing

Photo-Resist

YW W UWUW U
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Conventional Subtractive Processing

Lithography
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Conventional Subtractive Processing

Etch




Conventional Subtractive Processing
Cleaning

A lot of
water and
chemical

waste

Yewdwldw
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Additive Processing:

Patterning and Selective Passivation

Selective passivation

/
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Additive Processing:

Selective Atomic Layer Deposition (ALD)
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Additive Processing:

Selective Atomic Layer Deposition (ALD)
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Additive Processing:

Selective Atomic Layer Deposition (ALD)
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Additive Processing:

Selective Atomic Layer Deposition (ALD)

iiiiiii —BiDUUUD
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Additive Processing:

Selective Atomic Layer Deposition (ALD)

iiiiﬁi;—%i%%%
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Best Examples of Additive Processing

Dan Herr and Victor Zhirnov (SRC)

EUV Lithographic
Subtractive
Patterning 32 nm

Growth of a Baby
[Bio-Assisted Self-
Assembly]

Bio
Advantage

Bits
patterned per
second

8.59E+09
bits/s/masking
layer

7.53E+17
amino acid
equivalents/s

8.77TE+Q7

Energy
required per
bit

1.46E-12
J/bit/masking layer

1.29E-20
J/amino acid
equivalent

A Lot to Learn from Nature
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Thank you

ERC Website
WWW.erc.arizona.edu

Email:
Shadman@erc.arizona.edu
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