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Nanotechnology/Nanomanufacturing

• The US Federal Government 

has invested ―over $10 Billion 

cumulatively between 2001 -

2009 in ―nanotechnology.‖

• If you sum in the 2010 budget 

request the number swells to 

―almost $12 Billion‖

• US companies have invested 

at least that amount - if not 

more.

So, how do we reap the benefits 

of this investment?



Manufacturing/ Nanomanufacturing

• Manufacturing is the primary 

bridge over which these 

substantial investments can be 

recovered.
– Currently, manufacturing contributes 

$1.6 Trillion or 13% of the US GDP

– Each dollar is then multiplied into an 

additional $1.37 of economic activity

– This is greater than any other sector.

• US manufacturing must evolve to 

meet the current challenges

• That bridge is just being put on 

the drawing board

• Nanomanufacturing is one 

significant catalyst for that 

change



Advanced Manufacturing

• From the largest airplane to the smallest 

structure nanotechnology and 

nanomanufacturing will become a greater and 

greater component of the U. S. manufacturing 

base.
• Aerospace – next generation airplanes with carbon 

nanotube or nanocellulose reinforced composites

• Automotive – sensors, lighter parts

• Electronics – carbon nanotube and nanowire circuitry

• Molecular electronics – bottom up self assembly 

• The number of possibilities is enormous and 

the U. S. must be there - and be there first 



Advanced Manufacturing – News Flash

Broad initiative to enhance automotive 
materials — and lighten the cars themselves —
through the use of nanotechnology

Carbon nanotubes

Cellulose nanocrystals 



• For nanotech products to 

achieve the broad impacts 

envisioned they must be 

manufactured:
– In market-appropriate quantities

– In a reliable, repeatable, economical 

and commercially viable manner

– With environmental and human health 

concerns met, worker safety issues 

appropriately assessed and handled, 

and liability issues addressed

Effective Nanomanufacturing



Nanomanufacturing

• The NIST Manufacturing 
Engineering Laboratory (MEL) 
has supported 
―nanomanufacturing‖ through 
the development of programs 
for measurements and 
standards since about 1999. 

• Semiconductor manufacturing 
is ―nanomanufacturing‖ and 
MEL has supported 
SEMATECH since its 
inception

• New magnification calibration 
sample



Instrumentation, Metrology and Standards

• Both nanotechnology and 

nanomanufacturing require: 
– Atomic level measurement 

accuracy and repeatability

– Ability to measure desired 
performance attributes

– Commercially viable production 
costs

– Accurate high throughput 
measurements

• ….and a well trained 
workforce who can perform 
those measurements



• … in addition, advanced 
instrumentation, measurements 
(metrology) and standards are 
needed. 

• They will allow the:
– Physical dimensions

– Properties

– Functionality

– Purity of the materials

– Processes

– Products

– Emissions

…constituting 
nanomanufacturing to be 
measured and characterized.

Nanomanufacturing



Nanometrology and Nanomanufacturing

• Metrology is one of the 

buttresses supporting that 

bridge

• Metrology is and has been 

critical for successful 

Manufacturing

• Metrology has proven that it 

is value added

• Semiconductor industry is 

the prime example because 

it is so well documented.



Measurement: 

What is a nanometer worth?

• Example: 

• Semiconductor Manufacturing

• - Microprocessors

• Narrower gate  less capacitance  more speed.

• We are willing to pay more for faster microprocessors

•―Under these assumptions, the value of CD control for the 180 nm
generation of microprocessors exceeds $10 per nanometer."

•C.P. Ausschnitt and M. E. Lagus, IBM Advanced Semiconductor Technology Center, Proc. SPIE Vol. 3332, p. 212 (1998).

•1999 Worldwide PC sales exceed 

•113 million units  
•(Source: International Data Corp.)

•>108 units × $10/unit  $1 billion/nm
•It’s a big industry, and small improvements yield big economic benefits.

•...•...

•Credit: John Villarrubia, NIST

Ten years ago (1998-99), a 
10 nm improvement in CD 
control was estimated to 

lead to an increase of $100 
market value per 
microprocessor



•2008 PC Sales projected to 
be ~300M units

3x the number of units in 1999 with 

•much smaller CDs

•Nanometer control is greater than 3x 
more important 

What’s a Nanometer worth?

In reality, a nanometer is 
worth 

much, much more

•Even if this figure is only 
10% 

•of that estimate - it is still a 
lot of money

Why? – Economy of Scale



Nano-measurements = Nanometrology

• So….tight process control of small 

structures has economic worth, 

what do measurements mean to the 

industry overall?



RTI International report: 

Economic Impact of Measurement in the 

Semiconductor Industry

• NIST plays a leading role in developing Standard 

Reference Materials (SRM) , and most SRMs are either 

sold directly by NIST or are traceable to NIST standards. 

• Many instrument and tool providers develop their own 

in-house standards to calibrate their equipment. 

• These vendor-supplied standards are also usually NIST 

traceable.

• SRMs are used by most of the semiconductor supply 

chain and include the following: 
– Front-end processing 

• – thin film for transmission electron microscopy, or TEM (NIST SRM 2063a) 

• – scanning electronic microscopy, or SEM, performance (NIST SRM 2069b, 8091, and 2800) 

• – optical microscope linewidths (NIST SRM 475 and 476) 

• – implantation standards (NIST SRM 2133–2137) 

• – ellipsometry (NIST SRM 2531 and 2534) 

• – microscale dimensional measurement (NIST SRM 5001)



RTI International report: 

Conclusion: Measurement 

innovations add up to big 

savings for 

semiconductors

RTI estimates that 
for every $1 spent on 
measurement, the 
industry as a whole 
saw a $3.30 return. 

On average of 14 
similar studies the 
ratio is $1:$44 



NIST’s Technical Role
• Development of the 

measurement technology

– What is measured

– How it is measured

– Determination of the 
limitations of the 
measurement process

• Development of new standards

• Development of uncertainty 
statement

– Provides a means of 
comparison of metrology 
techniques

• Value of metrology

– Economics of nanometrology

How Big??



Nanometrology Problems

But: Nanometrology is 
not easy…
– Good samples are hard to 

obtain

– Current instruments may be 
inadequate 

– Some needed measurement 
instruments and techniques 
do not exist – yet 

• We are now working in the 
nano-world where we have 
no experience.



Why is nano hard? 
Because it is really, really small

Image sequence courtesy of John Small, NIST



SEM Micrograph

Image Intentionally Covered

Magnification

Accelerating Voltage

Micrometer marker





Which is Correct?

What if this had been a quantum dot 

or a carbon nanotube?

What would your frame of reference 
have been?



Nanometrology Instrumentation Challenge

• Much of the measurement infrastructure currently 
available for nanotechnology and nanomanufacturing 
is good and getting better but, only evolutionary in 
nature
– Optics

– Transmission Electron Microscope

– Scanning Probe Microscope 

– Scanning Electron Microscope

• Automated, operator-independent instrumentation 
adapted to nanomanufacturing must be developed and 
is indispensable
– This was one of the key conclusions at the NNI Grand 

Challenge Workshop on Instrumentation and Metrology and 
the recent NIST Nanomanufacturing Workshop

• New, potentially revolutionary metrology is needed for 
many applications
– Helium Ion Microscope





Resolution of Scanning Electron and Ion Microscopes 

in the Precision Engineering Division Labs**

Manufacturer 

Published 

Specification 

(nm)

Best

Measured 

(nm)

Median 

Measured

(nm)

Instrument 1 0.9 0.65 0.78

Instrument 2 0.4 0.38 0.42

Instrument 3 0.8 0.7 1.2

Instrument 4 1.0 0.8 0.9

** Instrument identification and manufacturer intentionally omitted.



Nanometrology Instrumentation Challenge

• Much of the measurement infrastructure currently 
available for nanotechnology and nanomanufacturing 
is only evolutionary
– Optics

– Transmission Electron Microscope

– Scanning Electron Microscope

– Scanning Probe Microscope 

• Nanomanufacturing requires that automated, operator-
independent instrumentation must be developed
– Instrument operators are the largest source of measurement 

error 
• This has been well documented by the semiconductor industry

• New, potentially revolutionary metrology is needed for 
many applications
– Helium Ion Microscope

www.nano.gov



Nanometrology Instrumentation Challenge

• Much of the measurement infrastructure currently 
available for nanotechnology and nanomanufacturing 
is only evolutionary
– Optics

– Transmission Electron Microscope

– Scanning Electron Microscope

– Scanning Probe Microscope 

• Automated, operator-independent instrumentation 
adapted to nanomanufacturing must be developed and 
is indispensable
– This was one of the key conclusions at the NNI Grand 

Challenge Workshop on Instrumentation and Metrology and 
the recent NIST Nanomanufacturing Workshop

• New, metrology instrumentation and technology is 
needed for many applications
– Helium Ion Microscope



Helium Ion Microscope Sharpness

Rapid evolution:

Recent news release stated: 

―……a surface resolution of 

2.4 Ängstrom (0.24 

nanometer) 

has repeatedly been 

achieved (25%-75% edge-

rise criterion) on various 

samples.‖

Zeiss. ―Helium Ion Microscopy‖. Microscopy and Analysis January 2009 p28 

www.smt.zeiss.com/orion (2009).



HIM Imaging and Resolution



Instrument Accuracy

• Size matters where nanotechnology is 

concerned

• Small errors can lead to significant 

misinterpretations.

10 nm



Potential Instrument Calibration Error

For the previous micrograph:

• ± 1% error means ± 10,000x 

• ± 2.5% error means ± 25,000x

• ± 10% error means ± 100,000x

– Up until a few years ago a typical                      
lab SEM pushed hard for 75,000x                 
image 

– Many users do not push beyond 100,000x

– The magnification calibration error for this 
image is potentially larger than the entire 
performance range of some instruments

Accurate instrument calibration is 

more important than ever

An Early NIST SEM 

Interlaboratory Study showed the   

instruments to be 10 – 60% 

out of calibration



Accuracy and Measurement Uncertainty 

– Putting it into Perspective

• Take a meter and enlarge it 1,000,000 times

• Result is 1000 kilometers

• This is about 620 miles

630 miles

Athens, GA



Accuracy and Precision

• Manufacturing relies on highly 

precise process control in order 

to obtain economy of scale once 

―accuracy‖ is established

• Accuracy is telling the truth 

(within some measurement 

uncertainty)

• But, if accuracy is not assured 

precision is telling the same lie 

over and over again.

• Why is this so important now?

• Worldwide database 

development for nanomaterials 

and nanoparticles 



Nano Risk Framework –

Environmental Defense/Dupont
• Full material/product life cycle

• The Framework is information-driven;

– it does not implicitly assume the risk or 

safety of any material. 

• Where there is little or no information to guide 

decisions on the potential for a particular hazard 

or exposure, the Framework suggests using 

"reasonable worst-case assumptions"—or, 

alternatively, using comparisons to other 

materials or processes that have been better 

characterized — along with management 

practices appropriate to those options. 

• The Framework is also designed to encourage 

replacing assumptions with real information, 

especially as a product nears commercial 

launch, and refining management practices 

accordingly.



EPA – Nanoscale Materials Stewardship Program

• Provides a firmer scientific foundation for regulatory decisions by encouraging 

submission and development of information including risk management practices 

for nanoscale materials

• 28 organizations have submitted under the Basic Program 122 nanoscale 

materials 

http://www.epa.gov/oppt/na

no/stewardship.htm

http://www.epa.gov/oppt/nano/stewardship.htm
http://www.epa.gov/oppt/nano/stewardship.htm


NIH NanoHealth Initiative 

• Critical need Measurements and Standards that support critical 

research needs for the safe development of nanoscale materials and 

devices

• Standardized approach to characterize nanomaterials

• NanoHealth Enterprise

• NanoHealth Enterprise Public-Private Parthership “productivity will 

be greatly inhibited due to characterization or measurement 

obstacles presented by the deficiencies in instrument capabilities, 

standards and standard procedures

• Findings obtained through this initiative will establish standards for 

material sciences, determine biological thresholds, and address 

disease-based concerns for the emerging field of nanotechnology.

• http://www.niehs.nih.gov/research/supported/programs/nanohealth/d

ocs/nanohealth-initiative2.pdf

All  three of these important activities rely 

upon accurate data being supplied by the 

various companies 

If these Data supplied are not accurate 

these databases will be rendered useless. 

http://www.niehs.nih.gov/research/supported/programs/nanohealth/docs/nanohealth-initiative2.pdf
http://www.niehs.nih.gov/research/supported/programs/nanohealth/docs/nanohealth-initiative2.pdf
http://www.niehs.nih.gov/research/supported/programs/nanohealth/docs/nanohealth-initiative2.pdf
http://www.niehs.nih.gov/research/supported/programs/nanohealth/docs/nanohealth-initiative2.pdf


Standards: Primary for Metrology

• Google Search: Standards+nanotechnology+needed

• Returned hundreds of references:
– PISCATAWAY, N.J., USA, 22 Dec. 2003 The rapid pace of nanotechnology research and the 

promise of the many applications emerging from it have prompted a broad initiative at the 

IEEE to create the standards needed to foster this field. 

– The American National Standards Institute's Nanotechnology Standards Panel (ANSI-NSP) 

serves as the cross-sector coordinating body

– The American National Standards Institute's Nanotechnology Standards Panel (ANSI-NSP) 

serves as the cross-sector coordinating body

• Numerous standards bodies and government 

laboratories working on this issue

• Numerous NNI workshops discussing 

standards for Nanotechnology especially for 

Environment Health and Safety



Reference Publications

Available NNI publications

www.nano.gov

In addition:

• Instrumentation and Metrology for 

Nanotechnology

• Materials by Design

• Nanomanufacturing

• Environmental, Health, and Safety 

Research Needs

• Instrumentation, Metrology, and 

Standards for Nanomanufacturing 



Standards

• Physical standards

– Calibration standards

– Instrument performance standards

• Documentary standards

– Terminology

– Procedures



Physical Standards - Requirements

• Development of a traceable measurement 

instrument

– Measurement protocols

– Measurement uncertainty determined 

• Understanding of what is being measured

• Understanding of how it is being measured

• Understand why it is being measured

• Development of a model

• Good material/sample

– High quality

– Homogeneous

– Display needed characteristics



Standards:                                          
Real World Situation

• Carbon nanotube – two words for 

many different possible materials

• At least 50 different CNT species 

have been identified

• Only half of these species are 

semiconducting

• Current manufacturing processes 

do not simply make one type of 

CNT

– Inherently produce a mixture of CNT 

species along with 3-60%+ 

unwanted chemical impurities 

MWCNTs 270 tons/yr (245 000 kg/year)

SWCNTs 7 tons/yr (6 350 kg/year)

8 000 US$/kg to 500 000 US$/kg

(2007, R. Blackmon, http://www.wtec.org/cnm/)



• Cross NIST Laboratory effort

• Collaboration between NIST, NASA, 
NIOSH, NRC, Univ. of Maryland and 
Lehigh University

• Product of commerce - as received 
sample from the manufacturer.
– Main requirement was minimum of 200 

grams of material made in one single
process run.

– Single-walled, closed-ended, carbon 
nanotubes, made by an evaporative/arc 
method 

– Packaged in 0.35-0.5 gm

Residual Catalyst Content in Carbon 

Nanotube (CNT) Bearing Material



• Residual catalyst concentrations measured by 

instrumental neutron activation analysis (INAA) 

and cold neutron prompt gamma-ray activation 

analysis (CNPGAA)

• Information values obtained from numerous 

sources such as:
– SEM/EDS

– TEM/AEM/EDS

– Pyroelectric

– Raman (standard and Raman 

triple grating spectrometer )

– UV, Vis and NIR

– AFM

– etc…..

Residual Catalyst Content in Carbon Nanotube 

(CNT) bearing Material

Material proved to be too inhomogeneous to be 
useful as a reference material 

A new material has been identified and is being 
pursued

A great many lessons were learned by this work

EPA and NIOSH are still using this material in a 
variety of studies



• Collaboration between the NCI, FDA, and NIST

– Perform pre-clinical characterization of 

nanomaterials as drug delivery systems 

– Accelerate the use of nanoparticles for drug 

delivery, as image contrast agents and for 

diagnosis.

• NIST is working to develop quantitative, 

reproducible measurement methods and 

protocols for nanotechnology/nanoparticles 

measurements 

NIST/NCI/FDA



Gold Nanoparticle Size Standard

80 nm10 nm

200 nm 100 nm

Reference Material has been released

NIST/NCI/FDA



Gold Nanoparticle Size 

Standard RM

RM 8011 - 10 nm

RM 8012 - 30 nm

RM 8013 - 60 nm

•NCI/NIST/FDA

http://ts.nist.gov/measurementservices/referencematerials/index.cfm

Report of Investigation available at:



Reference Material (RM) 8820

• New Instrument 
magnification 
calibration sample

– SEM

– AFM 

– Optical 
Microscope

– Etc.



Strategic Alliances Imperative

• Developing effective instrumentation, nanometrology, 
and nanostandards is not a simple problem to solve

• Success requires strategic alliances between: 
Governments, University and Industry

• Nanotech strong fit for strategic alliances

– Multi-disciplinary nature

– Enabling technology

– Broad industry implications

– Federal funding opportunities

– Commercialization challenges

• Cannot be done alone which leads to the 
multidimensional nature of nanotechnology…

• ..and the reason for this forum!



Conclusion

• If a product cannot be measured 

it cannot be manufactured.

• If a product cannot be made safely 

it should not be manufactured.

• If a product cannot be measured

how would you even know?



Thank you
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The End


