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Thrust 3: 

Applications and Reliability
NEU; UML; UNH

Thrust 1: 

Nanoelements and

Nanotemplates 
NEU; UML; UNH

Thrust 2:
High-rate 

Assembly and Transfer
NEU; UML; UNH
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CHN Path to Nanomanufacturing
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CHN Thrust 4: Responsible Manufacturing

Social & Ethical Issues

Regulatory Issues in MA 

Life Cycle Impacts

& Uncertainties

Assessment 

& 

Screening 

Life Cycle Impacts

High Throughput 

Toxicity  Screening

Economic Uncertainties

Exposure Assessment

& Engineering Control

Regulatory Issues
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Nanomanufacturing promise and perils 

ÂEnormous promise of nanotechnology in energy, 
medicine, electronics, consumer products, and other 
applications

ÂUncertainty exists in:
ÂFuture market demand

ÂFull-scale production economics

ÂEnvironmental, health and safety 
(EHS) risks of nanomaterials

ÂAppropriate workplace safeguards

ÂCommercialization regulations

ÂEnvironmental protections
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Use of Modeling Tools to Reduce Uncertainty



Properties
ƁIƛƎƘ ǘŜƴǎƛƭŜ ǎǘǊŜƴƎǘƘΣ ƘƛƎƘ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎΣ ƎƻƻŘ ǘƘŜǊƳŀƭ ŎƻƴŘǳŎǘƛǾƛǘȅΣ 

metallic/semiconducting

CNT Global Market
Ɓ2008: $90.5 million
Ɓ2015: $1.44 billion

Human Health and Environment Issues
ƁUnique compared to bulk heterogeneous carbon
ƁEffects similar to asbestos (Poland et al. 2008), may cause inflammation, 

fibrosis  (Shvedovaet al. 2008)
ƁLack of biodegradability (Hellandet al. 2007), respiratory and neuro-toxic 

effects on trout (Smith et al. 2007)
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www.nanotechproject.org
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Principles of operation and non-volatility

Top view SEM image

Isometric and cross-section schematics 

ÅHigh speed programming
ÅLow-voltage
ÅResistance to temp., vibration

Properties
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Use

Device
Fabrication

Material Extraction 
and Processing

End-of-Life (EOL) 



}Life cycle assessment (LCA)
ƁScope: Up to fabrication, then extended to use and end-of-life

ƁFunctional unitΥ hƴŜ оέ {ƛ ǿŀŦŜǊ

ƁInventorydata gathered at CHN labs

¶Equipment, energy, process recipes, materials, total cycle times

¶Lab and full-scale fabrication environments

¶Wafer capacities, material reuse, yields

ƁImpact assessmentŎŀǊǊƛŜŘ ƻǳǘ ǳǎƛƴƎ {ƛƳŀtǊƻϰ

¶Ecoinventϰ ƛƴǾŜƴǘƻǊȅ ŘŀǘŀōŀǎŜ

¶Eco-ƛƴŘƛŎŀǘƻǊ мфффϰ ƛƳǇŀŎǘ ŀǎǎŜǎǎƳŜƴǘ ƳŜǘƘƻŘ
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Si

SiO2

W

PMMA

Si

Au

Step # Unit operation Function Recipe
1 Wafer clean Particulate removal Standard pre-diffusion clean

2 Furnace Film deposition 500 nm SiO2 wet oxidation

3 Metallization Film deposition 20 nm W sputter

4 Lithography Resist coat 150 nm PMMA spin coat

5 Lithography Resist bake Oven bake

6 (Lab) Lithography Film patterning EBL switch template

6 (Full) Lithography Film patterning Optical switch mask alignment

7 Lithography Resist developmentMIBK/IPA solution

8 Wafer clean Rinse and dry Cascade rinse and dry

9 Etch Film patterning SF6, CHF3 plasma etch

10 Etch Resist removal HF wet etch

11 Wafer clean Rinse and dry Cascade rinse and dry

12 Metallization Film deposition 2 nm Cr, 50 nm Au e-beam evaporation

13 Lithography Film patterning Lift-off

14 Wafer clean Rinse and dry Cascade rinse and dry

15 CNT assembly CNT deposition Dielectrophoresis
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ENERGY
[kWh/wfr]

48.74
INPUT MATERIAL

[kg/wfr]
Acids/etchants & bases 0.2772
Gases 0.2169
Photoresists 0.0025
Metals 0.00142
Solvents 0.1841
Water 10.414
CNTs 1.68E-18
INPUT TOTAL (w/o water) 0.68
INPUT TOTAL (w/ water) 11.10
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Energy and categorized input materials

EBL SEM equipment: 
33 kWh/wfr

Energy per unit operation
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Gases: 0.205
Photoresists: 0.0026
Metals: 0.0015
Solvents: 0.111
CNTs: 5.7E-19
Water: 678.5
Energy [kWh/wfr]: 0.0131

Mixed wastewater    701.0
to treatment: 
Hazardous waste:      0.0975
Air emissions:            0.1996
CNTs: 5.7E-19

Input [kg/wfr] Output [kg/wfr]

Energy per unit operation



Weekly production volume 5,000 wfr/wk
Working hours per day 24 h/day
Working days per week 7 day/wk
tǊƻŘǳŎǘƛƻƴ ǘƛƳŜ όάǳǇ-ǘƛƳŜέύ80%
Production hours per week 134 h/wk
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Base case manufacturing specifications

Amount of wafers required for  
processing at each step

Lines of equipment required 
for base case manufacture

Total input material (w/o H2O) 
as function of prod. vol. 

From Murphy 2003
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Characterization of environmental impact of full-scale CNT switch fabrication per wafer

Normalized environmental impacts of lab and scaled-up fabrication 

Large impact due to 
use of gold deposition

Largest impacts:
Fossil fuels and resp. inorganics


