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 Environmental impact and industrial ecology in the semiconductor industry
« Applied Materials’ Environmental Solutions Product Division

* Progress on CVD chamber cleaning

« Solutions for dielectric etch emissions

* Pumps electrical consumption

« Abatement solutions gap analysis and validation

* Drivers for green manufacturing
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A Typical Semiconductor Fab
(300k 200mm Wafers/Year)

« Si wafers * Electricity  Air Emissions
— 10 tons/yr — 1.2kWh/cm? of Si produced — HAPs (max 20 tons/yr)

— ~atown of 10,000 — VOCs (40-100 tons/yr)
@ —  PFCs (>100 kgCE/wafer)
/I| (20,000 tons CEl/yr)
« Chemicals

— Metal / dielectric
precursor chemicals

— HAPs precursors
— PFCs precursors
— Solvents

— CMP materials

Chips
~10,000’s $/wafer

«  Water  Solid & Liquid Waste
— 15.51/cm? of Si produced — Producing 1 PC = 63 kg of waste material generated
— ~atown of 20,000 » ~43 kg of non-hazardous waste

« ~20 kg of hazardous waste
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Environmental Issues and Regulations

VOCs PFCs Water Solid Waste Energy

Regulatory Regulated on a | Regulated on a
agencies per fab basis per fab basis

Regulated
(contamination)

Regulated
(haz. waste)

Not regulated but
local limitations

Chip Want their suppliers to follow industry protocols and provide Product Environmental Assessment (PEA)
manufacturers report prior to buying the tool

SEMI Eb6 revised

SEMI Standards SEMI 52 has been revised in 2000 - Require to measure emissions and close the mass | to include power

halance - demonstrate attempts to reduce emissions - must justify use of chemicals measurement
(03/03)
Equipment Environmental Characterization Guidelines 3.0

Reauired Required Protocol Reauired Required AMAT's protocol
Industry i (:'Des il initially ;Icw estimate solid |Proposedto SEMI
protocols Required established by . waste generated

define how to 3 consumption :
PFC Leadership during PM and
measure measurement
Group process

Applied Materials
Product
Development
Process

Require Product Environmental Assessment to be performed as part of product development
Follow Equipment Environmental Characterization Guidelines 3.0 - Power Measurement Protocol - Process Cooling
Water Measurement Protocol

« Summary of the requirements, standards and regulations regarding the
environmental impact of semiconductor manufacturing tools
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Typical Customer’s Environmental Requirements

+ Complete emissions characterization

* Provide POU abatement. . . or at least a suggestion

« Exhaust materials compatible with exhaust gases/byproducts

- Exhausts and drains segregated

- Evidence of water use optimization

* Use of recyclable materials

* Disclosure of environmental risks of installing and operating tool
« Supporting environmental data, plans, roadmaps, etc.

« Compliance with environmental requirements

» Sign-off by customer’s EHS Manager prior to “tool acceptance”

Need method to provide information with confidence and reduced risk
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Environmental Challenges and the Chip Cycle

« Hundreds of chemicals used * Many new chemistries Finished
or produced during ch|p introduced with low-k / Cu / Water
manufacturing high-k technologies

* Greater number of interconnect :
levels contributes to increased Dielectric &

. . . Deposition (\0 Chemical
environmental impact, despite Dry Etch e Mechanical
progress on per wafer pass W o‘¥°\ Polishing
basis .

Patterning P;::e;:;r;g
Process

e

Metal
Deposition
. ; Dielectric
DEplta)_(tl_aI Deposition < : Reticle
eposition > . .
P '\9\0 - Reticl_e inspection
o inspection ' CD-SEM
1 Metrology
Thermal Process
Processing Diagnostics
lon Defect and control
Implantation detection and
classification
Manufactured
Silicon Wafer
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Materials Extraction

Chip Manufacturing and =
IndUStriaI ECOIOgy % Wafers Chemicals

% Tool

v

Process

» Life-Cycle Analysis (LCA) is an
objective process to evaluate
relevant environmental, economic
and technological implications of a
material, process or product over
its entire life span, from creation to
waste or, preferably, to recycling* D&

Environmentally
Responsible
Manufacturing
Rating

anufacture

* Environmental Value System** "CS, Cell Phones,..|
(EnV-S) is an equipment-centric
analysis to aid equipment @
selectio_n, de:sign, and process Recycle
evaluations in support of 1o
sustainable decision making = Obsolete Product

Environmentally
Responsible
Product Rating

Disposal

* Source: T.E. Graedel, B.R. Allenby, “Industrial Ecology”, p.108

** Developed in collaboration between Applied Materials and the University of California at Berkeley
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« Applied Materials’ Environmental Solutions Product Division
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Environmental Solutions Product Division

 Mission
— Demonstrate leadership by providing r—\

environmental products and services for
the mutual benefit of customers, the O I A I
environment, and the community

« Motto S IONSTM

— Better Environment by Design

« ESPD addresses environmental issues by:
— Developing emissions abatement/pump products to solve industry challenges

— Validating other abatement/pump vendors' products through comprehensive
characterization

— Measuring gaseous and liquid emissions of Applied Materials equipment for
proactive environmental management by product divisions
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Strategies to Reduce Environmental Impact

« Solutions integrated to the process system

— Address the problem at its source
— Focus on point of use (POU)

- Efficient use of energy and resources

— Plasma vs. combustion, POU recycling

— Adapt to real time operations
(idle mode, interface)

« Solutions for increased performance/productivity

— Increased throughput
— Reduced maintenance

Recycle

Abate

Optimize

Substitute

Hierarchy Of Solutions

Issues, strategies and technology solutions currently being addressed by Applied Materials

Source Issue Strategy
CVD Chamber Clean PFCs emissions Optimize
CVD Emissions HAPs, PFCs & Abate
VOCs emissions
Dielectric Etch PFCs emisisons Substitute
Dielectric Etch PFCs emisisons Abate
Vacuum Pumps Electrlcgl Optimize
consumption
W .
CMP ater cons'ump.)tlon Abate and recycle
& contamination

Solutions

Remote Clean with NF3

Combustion with water
scrubbing

Alternative (non-PFC)
source gas (C4Fg)

Pegasys plasma
abatement

Integrated point-of-use
pumps (iPUP)

Point of use technology

Benefits

>95% reduction in carbon equivalent
emissions, reduced clean time

Reduced fuel and water consumption,

energy efficiency

Better process performance
(selectivity)

>95% reduction in carbon equivalent
emissions

Reduced electrical consumption

Flexibility, lower cost, water
consumption reduction

Environmental Solutions Product Division
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Emissions Measurement: Connection Hookup Diagram

Processing chamber
Sampling conditions: 740Torr / ~1sim / 110C

Wafe Sampling frequency: ~1 data point per 1-10s
Quadrupole Mass Spectrometer: UTI Qualitrace I
FTIR: Nicolet Nexus with 2, 5, 15 and 400cm gas cells

Sampling lines: Stainless steel, heated at 110C

To scrubbed
exhaust

3-way Pressure gauge Needle valve

valve

Dilution system Orifice

 Measurements at exhaust of vacuum pump (atmospheric pressure), in real time

« Calibrations must be performed on the spot before and after measurement in order to
obtain quantitative results

- Additional analytical techniques may be used (off line) to confirm effluents
composition (GC-MS, ICP-MS, solid residues analysis...)
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Emissions - Lotus Notes Database

;1. ET Group Main - Navigator - Lotus Notes Desktop
D File Edit “iew Create MWindow Help

CedA B HEwgU

ET Committees {_Join a Group } R
; F-- Advanced Process Control w2 ; 4 Platform ¢|Chambel -|Wa[e| c|l§luant ¢|Date ¢|Dep Process ¢‘Elch Process 4 Clean Process 2 Authors ﬂ
A *  |Centura IPS (B0G2B) 200 “Yes 04/03/98 hulti-Lewve! “elitza
F-- Computer Modeling 3 Contact Etch Maldonada
* |Centura IPS (8062E8) 200 Yes 04/03/98 Bi-Lewvel Contact Yelitza
F-- Defect Reduction (1) Etch Maldonado
e * |Centura IPS (8062E) 200 Yes 04/03/48 Bi-Lewel Contact Yelitza
F-- Engineering Standards Megg'fg:ﬁer':t i (2) Etch Maldonado
Technologies * | Centura IPS (8062E) 200 Yes 04/03/95 HS0 Etch Yelitza
———IEmissiuns Measurement & Technulugiesl Maldonado
L % . *  |Centura IPS (80626) 200 Yes 02/06/495 BECB Etch ‘elitza
- ESGC Read Me First taldonado
[ *  |Centura IPS (B0628) 200 “Yes 02/06/958 BCEB Hard Mask Yelitza
-- Green Documents Open Etch taldonado
— Meetings *  |Centura IPS (80626) 200 Yes 02/06/95 Fost Etch Yelitza
-- Ceramic Heaters Treatment tdaldonado J
— Members *  |F5000 LH Yes TEOS Oxide In-situ C2ZFEMNF3  Mat Waltrip
F-- New Product Reliability N {Universsl)
r—|Emission Reports || P50 LH Yes SiH4 Oxide and In-situ CF4 Wat Waltrip
l-- RF & Plasma Sources (Universal) Mitricle
— Request for * |psooo LM Yes TEOS Oxide In-sity C3FB hat Waltrip
S s Al e Services (Universal)
S
6% 3 /° ‘ *  |F5000 FECYD 200 “Yes 062599 Silicon Carhide MF3 Microwawve  Sehastien Rao
Blak Clean
o * |Centura PECYD 200 Yes 06/15/98 Silkx 550 In Situ BF Mat \Waltrip
11% 30% PECVD CF4(1500
PROCESS scem)yN20
Producer  PECVD 200 “es 07/08/98 PECVD USG, Rermote Mat Waltrip
SiMx, DARC microware NF3
6% clean
*  |PE000 FECVD 200 “Yes 082099 Silicon Carhide MNF3 Remote Shree Dharask
Silicon Clean
Carhide Low
K
"
8% Erodurar  SACT Tain 200 Yas na/2a0/09 AL IS ME2 Barmta Sohmstion Banl
B ‘| 2= Office i
13% 23%
@ PECVD @ Dielectric Etch
O Transistor/Capacitor O Conductor Etch
m SACVD OHDPCVD
HLow k O Metal/Liner Deposition
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Modeling Consumption, Emissions (Per Chip Basis)

« Gas consumption and Gas Consumption
emissions were measured -? Passivation -i- Per Module:

for over 75 processes 5 Interconnect
" modules: 47%

IMD-4

IMD-3

« GWGs, HAPs, and VOCs
emissions were quantified
on a per wafer pass basis

IMD-2 — 5 Via modules: 41%

. » 1 Gate module: 5%
« A model of consumption

and emissions can be 1 Shallow trench

isolation module: 7%

built for the whole chip

Cross section of a generic logic device with
5 levels of metal

FLAM
voc
FLAM S 0% GWG

vocs 2% Consumption

25%

GWG

54%

HAPs HAPs
19% 92%

Emissions
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* Progress on CVD chamber cleaning
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Environmental Impact of CVD Chamber Cleans

e Global warming emissions from Global Warming Emissions (100 Years Integrated Time Horizon)
CVD chamber cleaning were
reduced by two orders of
magnitude between 1995 and 1998

— 1995: One clean = 500 miles *
— 1998: One clean = 2 miles

PE-TEOS SiO, clean
100 [

« Remote Clean™ technology
provides the industry’s lowest
global warming emissions for CVD 0
chamber cleaning

Kg Carbon equivalent
(®))
o

[ ——

1995 1996 1997 1998

In-Situ C,F¢Clean Remote Clean

 However, the clean efficiency is
still limited by F--->F,

. . . Emissions recorded during SACVD chamber cleaning (HT TEOS Process)
recombination and F radical

NF; URE; 98%

utilization efﬁCiency i F mass balance: 96.5% B HF
. . . kg CE out: 0.43 mCF4
— Recorpbl_natlon leads to high o B COF2
F, emissions E mF2
o .
— F, emissions must be treated . & o
= - o ou
with point of use scrubber SiF, B NF3 in

— Also results in undesirably
high NF; consumption

* 1 mile driven with average passenger car = 0.8 Ib CE Gas IN (NF3) Gas OUT

O. mauux v/o/uo - 15

Environmental Solutions Product Division @ﬂ APPLIED MATERIALS®



Situation Analysis on CVD Chamber Cleaning

Sl m1998 @2000 2002
25 _. K F2 production (sl) 120
® 0’ e SiF4 production (sl) 100 Silane USG (Undoped Silcate Glass)
Q K % h
= Ll
s 21300 : 1998 80 -
) Lomm, 60
o 15 ¢ ',.:‘3".‘- ....... R
3 A4 2000 T
> 10 t AN m e
@ 0= NN W 2002 20 1
(&) me M . TR
O W W 0-
........_:::::;; ....... g * . "u..‘ ! ,
0.0 : AL T T— : I 103 TEOS FSG (Fluorinated Silicate Glass)
4% 14% 24% 34% 44% 54% 64% ]
F utilization efficiency 80
* Fluorine utilization efficiency used as a 60 -
metric for optimization ‘2‘2 ’ i
5 o AXSIE, +HEF + (4xCF, +2xCOF, +...) 0
Util .Eff . 3xNF3 120 - -
« Up to 70% reduction in clean gas usage 100 1 Hbag P US¢ (g bensity Plagga USG)
demonstrated through process and hardware %° ]
improvements ig
— Distance between remote plasma source  20-

and CVD chamber, materials to transport 0
Fluorine Cost per wafer

F atoms Utilization Clean time NF, usage pass
Efficiency (%) (Relative unit) (Relative unit) (Relative unit)

— Process optimization (multi-step clean

concept) S. Raoux 5/8/03 - 16
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 Solutions for dielectric etch emissions
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C,F; — Alternative PFC Chemistry
Implementation / Limitations

Structure Boiling Point Life time Global Warming

(Celsius) (VEELD) Potential (est.)

C.Fs CF2=CF—CF=CF2 6 <0.003 50

* Higher etch selectivity
— Pros: Improved selectivity to stop layers, including SiN, SiC (BLoK), TiN

— Limitation: C,Fg etch rate limited on carbon-containing materials, nitrides

@Chemical incompatibility for applications such as low k etch, hard mask open,
spacer etch, organic BARC, DARC

 Improved resist integrity

— Pros: Minimizes striations, reduces damage to photoresist, preserves CDs,
improves profile control (less bowing, tapering), HAR etch

— Limitation: C,F; performance limited on large open area applications

@DLimitations for applications such as PAD etch which require high etch rates and
high pressure
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Evolution of PFC Consumption Per Wafer Pass

Dielectric Etch - Old vs. New Recipes (300mm)
12

] oid i N i . . .
10 - [ recipes [ ] New recipes [ Complete conversion to alternative chemistry

[] Partial conversion to alternative chemistry
M) [ Improved PFC chemistry
[ Unchanged PFC chemistry
[[] New application

Kg Carbon Equivalent

HH |_r|1 I 0m I

S B S ST SN RN
@ O o
FEL T EXE R EEE NS &L
S 07 QF @ (O o7 F el & P & P
OQ él‘ .0 C)\ OA QK > Q_.Q' Q_@ K\ Q@ OQ; e .G
\J A\ c’,\@@\ W O QQA(‘} o & E S S
‘2\ \"bc‘,@ QD' @ %Q\ (@) O & O:b((\(b Q,
SN AR AR R A\
¢ & & &L &L & @
?3\0.) R VOV RNV gl* & %oe;o
N NSO
& o >
SN
N
%

Tradeoffs must be found to balance process performance, cost and environmental impact
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Alternative Chemistries and Abatement for Dielectric Etch

e ENV-S was used to better understand the tradeoffs between alternative

PFC chemistry and abatement

— Despite higher gas costs, C,F,
chemistry can be cost effective
due to higher throughput

— Abatement still required to
meet aggressive PFC
emissions reduction targets

Platform costs for Cu/oxide systems

120
X
Q 100 p—
»
L 80 ]
NI 60 B Operation
8 O Capital
Y 40
3
w 20
[]
S 0 ,
Cu / oxide Cu / oxide
Interconnect Interconnect
(C,F4-CF,) (C4Fg)

Options
Cu / oxide (C4Fg+CFg)
Cu / oxide (C4Fs)

Cu/ Low k

Plasma Abatement

Summary of PFC Emissions Per Wafer Start

250.00
200.00 |
150.00

Lo0.00

kg CO2E/wafer start

50.00

O Interconnect
B \Via

Gate

MsTI
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PFC Abatement for Dielectric Etch: Pegasys™

Design Features

 Point-of-use abatement system

— Treats PFCs before N, dilution
in the mechanical pump

* Non-thermal plasma method
— Capacitive discharge with

PFC Gas

!

ETCH CHAMBER

r ' = dielectric barrier
TURBO H,O Injection
PUMP |
Y
PLASMA
N HF [
plzjrge —> “:Ef\;n'; @ SCRUBBER |
Chemistry Performance
* Water injection as sole source of reactant . > 95% DRE on most demanding
* Formation of CO,, CO, COF,, HF as 300mm PFC gas flows
byproducts of PFC decomposition .

Power management (interface with
Applied Materials etchers)
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Energy Consumption Reduction

« SIA Roadmap for energy « Energy consumption can be reduced through:
consumption reduction — Inefficiency identification, measurement

2 ==
— 1.2 kWh/em* of Si in 2000 — Optimization, point-of-use (POU) solutions
— 0.9 kWh/cm? of Si in 2005 _ Idle power reduction

) .
— 0.7 kWh/cm? of Si in 2011 (non value-added energy)

 Applied Materials developed a
power measurement protocol and * Use of next generation vacuum pumps could

proposed it for inclusion in the save up to:
SEMI E6 revision — 200,000 kWh per system per year (6 pumps)
8 — 150,000 kg CE per system per year
g
5 6l Conventional
= pump Integrated
g 51 13.8 kW OPumping Power point of use
@ B (steady state) pump
cg mAuxilliary blower (iPUP)
2
O
o

N W A

2 kW B Cooling water and
ventilation

Conv. iPUP

pump
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Outline

« Abatement solutions gap analysis and validation
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Abatement Solutions Gap Analysis

[ Good treatment solution ] Require improvements [l Inadequate

Key Product

Key Product

Unit Process Emission Byproducts Unit Process Emission Byproducts
USG SiF4, F2, HF, COF2, CO, NF3, CO32, 15505 H2, 02,
TEOS, CZHS0H, CH4 RTP EISSG 2O, H2
Sillx SiF4, F2, HF, NF3, M20, SiH4, NH3 BTH HZ NG
PECVD FSG SiF4, F2, HF, COFZ, G0, NF3, COZ, Ebi HCI, DCS, SiH4, SiCl, CI2, H2,
TEOS, C2H50H, CH4 P GeH4
PSG SiF4, F2, HF, COFZ, CO, NF3, CO3Z, High.k TaOx SiF4, F2, HF, COF 2, NF3, CF4, CO2Z
TEO0S, TEFD, C2H50H, CHA g HiOx DEA, NH3, CO, C2H4, CI2
SiF4, P2, HF, COF2, MHS, N3, CF4, W=D SiF4, F2, HF, NF3, SiHd, W6, H2HB
Low-k L0, TS, CH4 TICITIN TiCl4, MH3, CI2, HCI, NHAC
SIF4, P2 HF, COFZ, MHE, MF3, CF4, MCWD TiCIATi TiCl4, CI2, HCI
CO2, TMS, CHA4 TOMATAIN. | TOMAT, CH4, NH3, DA
U5G SiF4,F2, HF, MF3, SiH4 TDMATISIN | TOMAT, CH4, MH3, DMA, SiH4, H2
HDP-CVD |FSE SiF4, F2, HF, MF3, SiH4 Dielectric Btch (COF2, SiF4, C4FS, CF4, CHF3,
PSG SiF4,F2, HF, NF3, SiH4, PH3 C2FB, CAFG, C2F4
BE=S SiF4, F2, HF, COF2, 0, NF3, C032, Metal Etch BCI3, CI2, HCI, F2, AICIS, CF4,
TEQS, TEPOQ, TEB, CZHS0H, HCOGH, _ CHF3, 5F6
SACVD CH4 Etch Silicon Etch EIZFdéZ(:;AFBSIEEFdl CHF3, C2FE, CI2,
BSiG SiF4, F2, HF, COF2, T0, MF3, C02, ] . i
TEDOS, TEB, C2HA0H, HZOOH, CH4 Love-k Etch COFE, F2, HF, C':', SIFJ’l, CJ’lFE, CFJ’l,
. : . CHF3, C2F4, C2FE
SILEeE SIF4, P2, HF, NF3, SiH4, NH3 Photomask  |COF2 HF. GO, SiF4. CF4, COZ, G2,
FolyGen SiF4, F2, HF, MF3, SiH4, PH3, M20 Etch 502, 5F6, C2F6
LPCVD TR R R Quantum 4sH3, BF3, PH3, SiF4, CO, CO2
OiyGen e e e Implant Swift AsH3, BF3, PH3, SiF4, CO, CO2
WS SiF4, F2, HF, MF3, SiH4,WFE, DCE, CMP Cu++, copper salts, organics
HEl o1z, sicld Oxide HF, NH40H, IPA

« 30% of the applications require improvement of the abatement systems
« Some abatement applications currently do not have acceptable performance
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Simplified Business Model

EXHAUST PRODUCTS EPIC / APPS LABS
+  "State ofthe Art" toegls ﬁ\
Non-validated * Latest BKMs i
. $1B of assets

" AMAT SYSTEM
Validated

Process Tool ]
Identify
- Abatement/
@ Products Vacuum
' l .
Y alidate
PB G
=

. /

ESPD REVEHLIE_\ ’C ESPD RD&EE )
_}
\ r_R einvestment in Marketing and
|\_ Product Development
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Abatement Validation Report Contents

« Summary of Findings * EnV-S Analysis
— Purpose, value, key data, conclusions — Extended CoO analysis
+ Gaseous Emission Analysis — EHS indicator
— Deposition process — Performance indicator
— Clean/seasoning process — TLV, IDLH
— Mixed process « Analytical Methodology and Calibration
— Abatement recipe and process window - QMS
* Liquid & Solid Byproducts - FTIR
— Liquid byproducts analysis — Calibration curve
— Solid byproducts analysis — Dilution factor calculation
— Phase change data (condensation curve) — PFC calculation
— Material capability — Breakdown efficiency and F closure
* Process Transparency & Reliability « Appendix
— Particle data, uniformity — Installation procedure
— Abatement uptime information — Maintenance schedule and procedure

— Safety and regulatory information

Aligned to industry standard:

“Equipment Environmental Characterization Guidelines - Rev 3.0”
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Tool PM Schedule is every 2.5 weeks based on 2500 wafer per chamber

Example POU Abatement

- n 100.0-EXE
Validation Results o
2 96.0 B POU2
* Point of use abatement systems are @ 940 POU 3
. . ] £ X X POU 4
rigorously characterized for: & 920 POU 5
. - . )
— destruction removal efficiencies 200 : o Pous
88.0
(DRESs)
86.0
— environmental cost of ownership 84.0
. - 0 246 810121416182022242628303234363840424446
— reliability
Work Week
—
rission Aol el 25.00 OConsumables cost
Component / In out OReactant
Category (g/wafer) (g/wafer) O Annual maintenance cost
HAPs HF 0.4 <0.012  >96.88% -4 B Acid exhaust treatment
SiF, 5.927 <0.013 > 99.78% E 15.00 EWaste water
NF; 0.095 0.022 77.05% g O Nitrogen
PFCs = COCDA
CF, 0.179 0.026 85.60% =
co co 0.218 0.32 i 2 1000 ::’n°:""9 "xt‘:r
Q aKe up ater
WG CH, 0.005 0.052 a o O Electricity
N,O 10.728 2.624 75.54% 5.00 - HTraining (non depreciable)
NOx NO - 0.197 - OSubfab cost (footprint)
Flammable SiH, 0.065 <0.002 > 97.45% H|nstallation cost
B,Hs 0.02 <0.001  >92.82% 0.00 BCapital cost

POU Abatement Costs

O. XAOUX O/B/VUS - £/
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Drivers of Green Manufacturing Technologies
COST

S,
-/

The development of environmentally-
friendly technologies must take into

\ \

account: Q . ‘ v
» Cost of ownership } ‘ o w
_ Capital cost IMPACT P g @, EFFICIENCY
— Treatment cost s
— Operation cost
* Process performance  What are the drivers for change?
— Process repeatability — Moore’s law
— Tool productivity « Cost reduction ($/bit)
— Utilization / abatement efficiency « Performance improvement (bit/cm?)
« EHS impact — Awareness
— Human health impact * Public, government, industry
— Environmental impact * Investors, shareholders
— Regulatory compliance * Local vs. global environmental
impact

— Sustainable development
S. Raoux 5/8/03 - 28
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