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Dear National Science and Technology Council, Committee on Technology, Subcommittee on 
Nanoscale Science, Engineering, and Technology; 
 
First of all thank you for the opportunity to comment on the NNI Strategic Plan. This is an extremely 
important program and I appreciate the effort that has gone into the plan. 
 
My official comments are in the attached Document: NNI-Comments-JNR.pdf, where I have made some 
specific recommendations with respect to the language in the text. These are relatively minor, but I 
believe important changes, that would emphasize two main points: 
 

1) Precision in manufacturing at the nanoscale is key to effectively controlling and exploiting the 
unique phenomena that are available in this size regime. 

 
2) There is an opportunity to develop top-down fabrication techniques that exploit the quantized 

nature of matter to achieve a manufacturing technology with unprecedented precision and one 
that would enable the commercialization on many nanotechnology applications. 

 
My comments are centered on the physical precision of fabricated/manufactured nanostructures. The 
fabrication and metrology tools with the highest available precision must not only be developed, but 
must also be widely available through the NNI Infrastructure to those who can exploit them in academia 
and industry (especially small companies). 
 
The concept of precision is important in other aspects of the plan such as the signature initiative on 
Nanotechnology Knowledge Infrastructure which helps organize and quantify the data into readiness 
levels. This will be an invaluable tool in guiding those brave souls who are developing the 
nanotechnology applications and products. With regard to this subject, I will be so bold as to also 
include the report of a workshop “Enabling Nanofabrication for Rapid Innovation” (ENRI). The report 
is attached as ENRI-2013-Report-V1.pdf. 
 
While I believe that the report contains much valuable information about commercializing 
nanotechnology, I call attention to the recommendation to create and use targeted roadmaps for 
subsections of nanotechnology commercialization. This recommendation would be to create and fund 
efforts to collect pertinent information about the required specifications of the application, the 
approaches to manufacturing, identified solutions, technology gaps, etc. This information would prove 
extremely valuable to both researchers and developers and could be fed into the Nanotechnology 
Knowledge Infrastructure. The section on the roadmapping process is only about 1 page and is booked 
marked in the document. 
 



John N. Randall, Zyvex Labs 

 

Regards, 
 
John 
‐‐ 
John N. Randall PhD 
President 
Zyvex Labs 
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Comments and suggested edits of the NNI Strategic Plan 
 
While overall an excellent document, there is an area that I believe is not given sufficient emphasis. That 
area is the precision of fabrication/manufacturing methods. If the value of nanotechnology is: “at 
dimensions between approximately 1 and 100 nanometers, where unique phenomena enable novel 
applications.” (Page 1 Lines 8-9), then the precision of the size control should be given significant 
emphasis when trying to exploit these unique phenomena. For instance, quantum dots are interesting 
because of their quantized electronic states, but imprecision in their size leads directly to imprecision in 
the level of these electronic states. While there are numerous places in the plan where precision might be 
considered implicit, let me suggest specific examples where this could be made far more explicit. I 
would suggest the following changes where the new text is underlined: 
 
Page 27 Line 27 Scalable, repeatable, and cost effective manufacturing methods that achieve high 
relative precision at the nanoscale are required to move the technology from the laboratory into 
commercial products. 
 
Page 28 Line 31-32 Promote the development of robust, scalable, high relative precision at the 
nanoscale nanomanufacturing methods necessary to facilitate commercialization. 
 
Page 46 Line 20 … must be accomplished with nanoscale precision in a controlled and sustainable ... 
 
Further, there is an opportunity that is also being ignored. When dealing with the 1-100nm range the 
impact of the quantized nature of matter is significant. Most nanofabrication methods attempt to deal 
with matter as if it is infinitely divisible and are contending with rather than taking advantage of the fact 
that matter is composed of atoms and molecules. Atomic Layer Deposition (Epitaxy) is an approach 
which is a counter example, but this achieves Atomic Scale precision only in one dimension. The closest 
the plan comes to acknowledging the need for Atomic Precision is not in the plan but in Appendix 
B:Page 73 Line 24 :The ability to make nanoparticles and structures with exquisite atomic-level control. 
I would propose putting something specific in the plan: 
 
Page 42 Insert sentence starting in line 35. Research into fabrication processes (leading to manufacturing 
tools) that allow the creation (manufacturing) of designed 3D nanoscale structures/devices with high 
precision at the nanoscale with the eventual goal of absolute precision in terms of number type and 
chemical bonding of atoms in the 3D design. 
 
There is excellent work being done on achieving atomic scale precision in growth dimensions, lateral 
dimensions, as well as all three dimensions, but much of that work is going on outside of this country 
(Michelle Simmons, Robert Wolkow, to name just two). Bottom up approaches (DNA Origami, etc.) are 
extremely worthwhile, but have definite limitations that don’t exist with top down approaches that 
fabricate robust inorganic materials. Technological rather than scientific enquiry is beginning to drive 
investigation into atomic scale precision fabrication/manufacturing: quantum computing, post CMOS 
nanoelectronics, DNA sequencing, to name a few. But atomic precision fabrication that exploits the 
quantized nature of matter (both bottom up and top down) is in its infancy and would benefit (along with 
our country) with some targeted programs which, in my opinion, the NNI is currently failing to 
adequately support. 
 
Respectfully submitted: John N. Randall – President – Zyvex Labs
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Enabling Nanofabrication for Rapid Innovation (ENRI) 
Workshop Held in Napa Valley, CA, August 2013 

 
This document is the final report of the workshop on Enabling Nanofabrication for 
Rapid Innovation (ENRI) which was held August 18-21, 2013 at the Silverado Resort in 
Napa, California. The workshop was very effectively organized by Katharine Cline and 
her team at Preferred Meeting Management. This workshop was sponsored by: 
 

The National Science Foundation and Transducers Research Foundation   
 

Additional support was provided by: 
 

  HRL Laboratories; Integrated Circuit Scanning Probe Instruments Inc.;  
NSF Nanosystems Engineering Research Center for Nanomanufacturing Systems 
for Mobile Computing and Mobile Energy Technologies (NASCENT); Raith 
America, Inc.; Standord University;, and Zyvex Labs.  
 

Media support was provided by:  
 

The MEMS and Nanotechnology Exchange, MEMS Industry Group, and MEMS 
Investor Journal Inc.  
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Enabling Nanofabrication for Rapid Innovation (ENRI) 
Workshop Held in Napa Valley, CA, August 2013 

 
 

 

1. Problem Statement: 
 
The semiconductor industry infrastructure provides incredible capabilities in the sense 
of process performance and control, process speeds, and yield and is particularly 
suited for high volume production of CMOS devices such as micro-processors and 
memory. If a designer is interested in creating innovative devices, foundries offer the 
capabilities of fabricating ASICs. However, the designers are highly constrained by 
design rules, choice of substrate size and substrate materials, and choice of advanced 
functional materials that can be integrated into the devices.  
 

The ENRI workshop participants concluded that this highly constrained semiconductor 
fabrication environment stifles innovation. For innovative manufacturing, the 
workshop participants concluded that there is a growing disparity between tools used 
for semiconductor manufacturing and those appropriate for the rapid innovation 
required to bring exciting new nanotechnology products and applications to the 
market. The restrictions on acceptable substrates, materials, and processes are 
already a problem; and even if the equipment is made available at no cost to 
university and other research laboratories the supplies and maintenance can be 
extremely expensive. There was unanimity that less expensive fabrication equipment 
designed for a variety of substrate types, and for processes that integrate novel 
materials types is needed. Additionally, a need for a variety of nano-scale metrology 
tools was discussed to enable development of robust nano-scale fabrication processes. 
However, in the limited time at this workshop, there was no consensus established on 
what enabling specifications should be the focus, and how these specifications could 
be eased – relative to high end semiconductor tools – to allow low cost equipment to 
be produced.  
 

Similarly, when asked what opportunities existed in the realm of innovative devices 
and systems and specific nanofabrication tools, processes, and metrology a fairly 
lengthy list was developed as seen below. However, although we asked for specific 
quantitative data in terms of capabilities beyond the state of the art, production and 
capital equipment costs, the scalability and gap analysis of the applications, market 
analysis, and barriers to innovation, the workshop participants did not have the time 
or resources to provide such quantitative data which could lead to actionable 
recommendations.  
 

Workshop participants were also asked to consider some key questions as they relate 
to enabling rapid innovation in the emerging nanotechnology markets: 
1) What are the national security implications? 
2) What can be learned from market failures and applied to enhance opportunities for 
market success? 
3) What would be the downside if we did nothing to improve the opportunities for 
rapid innovation in nanofabrication?  
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2. Key Recommendations: 
 
The workshop organizing committee has identified three key recommendations based 
on the output of the round table discussions.  These recommendations are:  
 

1. To exploit identified opportunities for rapid invocation shown below 
 

2. To use targeted roadmaps to identify gaps and solutions that will enable the 
rapid innovation opportunities identified 

 
3. To engage federal agencies to improve the review of nanomanufacturing 

proposals by including more precision and scalability metrics, including  
more industry input, and to promote the roadmapping activities that could 
drive both public and private investments 

 
2.1 Opportunities: The list of opportunities for rapid innovation (grouped but in no 
particular order of priority) that were identified by the round table discussions for 
further considerations to define targeted programs:  
 

KEYS TO RAPID INNOVATION: 
 

 Compress nanodevice design/test cycle – maskless lithography, novel material 
integration are keys  

 Wikifab, network of manufacturing capabilities 
 Regional, flexible pilot production facilities  
 Addressing legal barriers for academia, industry, government collaboration 
 Open source set of tools 
 Simplified manufacturing processes – Lowering the mask count  
 Massive integration of electronics with rapid 3D prototyping 
 Integrating nano-materials with existing processes (e.g. nanotubes in VLSI) 
 CAD tools to enable DNA, RNA self-assembly nanomanufacturing  

 
SPECIFIC MANUFACTURING TECHNOLOGIES 
 

 Continuous roll to roll nano-scale printing processes 
 Additive/3D manufacturing at the micro and nano scale.  
 Inkjet printing: additive and direct write 
 Layer by layer processing (e.g. ALD) in roll to roll and other nanomanufacturing  
 Atomically (and absolutely) precise manufacturing with top down control  
 Rapid and inexpensive fabrication of nanoimprint templates  
 Nano-materials synthesis: Pharma/bio, feedstock for other tools/processes 
 High throughput e-beam/optical lithography (e.g. for DoD needs)  
 Alternative patterning: Ion/e-beam, radioisotope lithography nanopatterning 
 Interference lithography for periodic structures 
 Better 3D metrology tools for MEMS/NEMS  
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 Closed loop metrology in nanofabrication – chip-scaled SPMs 
 Inline metrology (<50nm)-real time -next step process variations  
 Atomic GPS: atomic scale positioning over entire wafer 
 Small vacuum pumps and systems, enabling small instruments 
 Intelligent biosensors (wearable) especially packaging and material integration 
 Etching magnetic materials  

 
These opportunities are listed again at the end of the report, along with an 
additional paragraph for each opportunity to better articulate the opportunity 
and its impact.  
 

2.2 Roadmaps: Any effort to rapidly innovate involves uncertainty. The organizing 
committee has identified the creation of roadmaps as a preferred approach to further 
quantify the specifications of tools and instruments needed to enable rapid innovation 
in specific device sectors as well as technology gaps, market information, and 
specifications for specific classes of nanotechnology products.  
 
The semiconductor industry has done a masterful job of reducing uncertainty by pre-
competitive road-mapping which involves establishing a set of process specifications, 
their evolution over time, and the identification of potential show stoppers, namely 
problems that have no known solutions. By creating such pre-competitive information 
using a panel of experts from the various sectors of the industry, and by sharing this 
information broadly, the industry and its vendors have benefited hugely by knowing 
where the industry needs to be at any given time to be successful.  
 
While the emerging nanotechnology industry is far too fragmented to have a 
comparable roadmap for the entire industry, the ENRI program committee believes 
there is a wonderful opportunity to create highly effective roadmaps for subsections 
of this evolving industry. Many such possibilities were discussed in the workshop, and 
a specific example – that of wearable biosensors to collect medical data – is provided 
here. Researchers and product developers face many uncertainties in wearable 
biosensors, not the least of which is, what is the data reliability and accuracy that 
would be acceptable to the medical community? This data along with other targets for 
various issues including manufacturing, testing, and market issues could be developed 
by an individual firm, but would be far more valuable to the industry in general if a 
government or consortium funded organization would make a concerted effort to 
work with the medical community, vendors, and interested companies to generate a 
consensus for targets to guide researchers and product developers.  
 
Another cogent example is the development of low-cost nano/micro fabrication tools 
to enable relatively inexpensive fabrication facilities for rapid innovation. For a 
variety of tool sets a road-mapping process could identify what specifications would 
be acceptable to a targeted group of researchers and potential manufactures.  
 
These road-mapping efforts would need to be ongoing programs that updated the 
roadmaps on a continuous basis to keep abreast of new developments and needs. One 
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model would be to have an umbrella organization that started with a handful of 
individual roadmaps that generate a sufficient level of interest in industry and 
academia (perhaps based on membership fees) to initiate and sustain this activity. A 
resulting roadmap and associated data could be shared among the membership of that 
particular roadmap. If these efforts proved effective, additional roadmaps could be 
instigated and others terminated as appropriate based on level of interest. Such 
roadmaps would be useful not only to the researchers and product developers, but 
also to government agencies to decide where programs would effectively fill gaps and 
enable desired products and applications. Private investors could also become 
members of these roadmaps and use the data to decide where their investments 
would be successful.  
 
 

2.3 Engaging Federal Agencies: The program committee felt that federal agencies 
such as NSF, DARPA, ONR, AFOSR, NIH and DOE should be engaged directly in the ENRI 
efforts. ENRI-2013 was partly funded by NSF, however (due largely to federal 
sequestration of travel) no program managers from NSF and DARPA attended ENRI. 
Two specific approaches to engage the federal agencies are discussed below. 
 
2.3.1 Guidance for Nanomanufacturing Proposal Review: The participants identified 
the following guidelines that could make federally supported nanomanufacturing 
research more effective1:  

 When formulating calls for and evaluating nanomanufacturing and related 
proposals consider not only the proposed basic process, but also consider the 
precision controllability of the tools/process over long range and its potential 
for scalability.  

 Encourage proposers to include a rigorous analysis of competitive techniques by 
comparing metrics related to process performance/cost, tool reliability, and 
process yields. The research should also identify any gaps in the required 
metrology and characterization tools. 

 Include more industry participation in peer review panels.  
 Enable companies trying to develop new nanotechnology products by creating 

regional centers via programs such as the NNMI and make the NSF NNIN, NSEC 
and ERC centers more effective by reducing barriers to their use by companies.  

 Fund the development of new fabrication and metrology tools for 
nanomanufacturing (via the NSF MRI and other programs). Include in proposal 
evaluation the plans to make these tools widely and frequently utilized.        

 
2.3.2 Engaging Federally Funded Centers in the Road-mapping Activities: The 
participants also felt that federally funded centers related to nano-scale 
manufacturing processes such as NSF NSECs and NERCs, DOE EFRCs, etc. should be 
encouraged to participate in ENRI, and engage in road-mapping activities that are 
relevant to their specific focus areas. ENRI-2013 attendees included the leaderships 
teams of 3 recently funded NERCs (NASCENT led by UT-Austin, ASSIST led by NCSU and 
                                                            
1 The workshop organizing committee felt that some of these recommendations may already be in place at some 
of the federal agencies. However, these recommendations have been included here for the sake of completion.  
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TANMS led by UCLA), and two NSECs (Nano-CEMMS at Illinois and CHM at UMass-
Amherst). If a common road-mapping framework can be developed by ENRI in 
collaboration with the leadership of such centers, this framework can be proposed for 
use by these and other centers in the area of nanomanufacturing. This could 
potentially lead to a standardized approach for meaningful two-way exchange 
between research and educational efforts of such centers and industry at large.  
 

3. Workshop responses to the three questions for the NSF: 
 

3.1 National Security Issues: The workshop participants acknowledged the 
important role that the agencies of the DoD and other federal entities have 
played in funding research that is intended to develop nanotechnology 
applications that affect national security. However, this necessarily imposes 
restrictions on research and development of these applications that are 
counterproductive to innovation.  

 

In a broader sense, the workshop participants concluded that our national 
security depends on a thriving and innovative economy. It is well 
established that innovation requires close contact with manufacturing 
methods and that the loss of cutting edge manufacturing techniques 
impairs the ability to innovate.  

 

3.2 Learning from market failures: Innovation always incurs risks and market 
failures large and small are inevitable. However, there are well established 
approaches that can mitigate these risks and improve chances of market 
success. While financial capital is undoubtedly important, the knowledge of 
how to expend that capital is also key. There are numerous examples of 
very well-funded nanotechnology firms that have nevertheless failed. A 
detailed analysis of each failure is beyond the scope of the workshop; 
however, arguably many of the failures involved not fully understanding the 
technical barriers to manufacturing and/or not enough information about 
the intended market.  Our suggested road-mapping activities could provide 
this sort of information that could dramatically improve the effectiveness 
of expending what financial capital is available and enhance the chances of 
success.  

 

3.3 Risk of doing nothing to enable rapid nanofabrication innovation:  It has 
been argued that the existing digital manufacturing fabrication 
infrastructure has more than enough flexibility to allow for rapid innovation 
by simply being clever about how to exploit this marvelous system, and 
that improved computer aided design will yield the new applications that 
will drive our economy. Indeed, the path of homogeneous integration into 
the semiconducting manufacturing juggernaut is one that has proven to be 
extremely fruitful. 
 

However, there are well documented examples of how a well-established 
manufacturing approach is derailed by a novel fabrication approach (The 
Innovator’s Dilemma).  Novel fabrication and metrology approaches are 
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generated continuously for the IC industry because of well-established 
economic engine that it is and the extensive efforts of road-mapping to 
reduce uncertainty. However, for non-IC products, new tools and methods 
must also continue to evolve if innovation is to proceed as it must for our 
nation’s economic well-being. If Deep Reactive Ion Etching and various 
release technologies were not developed, we would not have many of the 
MEMS products that are now a staple of automotive, aerospace, personal 
electronics, etc. Continually placing tools in the tool box is the only way to 
continue innovation. If we fail to do this we may reap the fruits of previous 
investments in fabrication technology for a while, but we will eventually 
stagnate and fail.  
 
We must create a superior environment that enables rapid innovation and 
enlarges the ecosystem for nanomanufacturing. This was done with 
spectacular success with the semiconductor industry. We can do the same 
for nanomanufacturing.  

 
 

4. Next Steps: 
 
There was a strong sentiment from several of the organizers and participants that 
there should be a follow-on ENRI workshop to continue the efforts started in ENRI-
2013 and to follow-up on the key recommendations presented in Section 2. ENRI-2013 
program had the following basic components:  
 

(i) Plenary and invited speakers that addressed federal policy in advanced 
micro- and nano-scale manufacturing; presented case studies of successful 
technology transfer in nanomanufacturing in areas such as electronics and 
biotechnology; and innovative technologies in academia and industry 
(including small companies) that could lead to rapid innovation. 

(ii) Three sets of round table discussions that were based on basic guidelines 
provided by the workshop organizing committee with the goal of identifying 
promising nano-scale fabrication technologies for rapid innovation in 
emerging device sectors. 

(iii) Two poster sessions (preceded by a rapid fire poster summary 
presentations) to facilitate technical exchange between the various 
participants from academia, national labs and industry; and to allow 
students and post-doctoral researchers from academia and national labs to 
interact with researchers and technology leaders in the field. 

 
The workshop organizing committee has prepared the attached questionnaire that it 
will be sending to ENRI-2013 participants to see how the workshop benefited the 
participants, and how we could refine the workshop scope in the coming years year to 
benefit the participants. 
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Opportunities details: 
 
KEYS TO RAPID INNOVATION: 
 

 Compress nanodevice design/test cycle – maskless lithography, novel 
material integration are keys  

o As rapid innovation is the key to successful nanodevice applications it is 
essential that prototypes be produced with short cycle times so that the 
design/test cycle can be exploited quickly. The workshop participants 
pointed to a gap in the ability to do maskless lithography and novel 
material integration.   
 

 Wikifab, network of manufacturing capabilities 
o Across the country there are many fine micro and nano fabrication 

facilities, and while the NNIN has made efforts to make their network 
more transparent and easy to access, the workshop participants believed 
that developing an internet based software application that did not only 
list available processes within process facilities, but actively suggested 
one or more feasible process flows to fabricate a particular device or 
system. The potential process flows which would span one or more 
processing facility should include an estimation of timing and costs for 
the prototyping and/or manufacturing of the nanodevice/system.  
 

 Regional, flexible pilot production facilities  
o There are a substantial number of user facilities at the NNIN, other 

university labs, and at National Labs that support development of 
nanotechnology products and applications. However, many of these user 
facilities do not support production. A huge boost to rapid innovation 
would be regional, flexible pilot production facilities. Road-mapping the 
needs in a given region would help a production facility specialize and 
better meet its customer base’s needs.  

 
 Addressing legal barriers for academia, industry, government collaboration 

o There are legal barriers to having academia, industry, and government 
entities collaborate effectively that could be addressed by the 
government. These should be reassessed and reduced or eliminated if 
careful assessment concludes the benefits outweigh the risks of the 
change. However, there are also quasi legal barriers as well that do not 
require government action to reduce.  One area that has hampered 
industry – university interactions is the insistence that the intellectual 
property must remain with the university and that industry must pay a 
royalty to access the rights to use patented inventions that they paid for 
the research that led to the invention. While there are some legal issues 
such as the Bayh Dole Act about ownership of IP generated with 
federally funded research, there is ample latitude to universities to 
provide nominal or no cost licensing to industrial funders of research.  
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 Open source set of tools 
o As novel devices/systems are invented, novel processing is often 

required. Workshop participants thought that one potential solution is a 
set of “open source” tools would be a major advantage. While this 
approach is principally used in the software tool regime, it is thought 
that a similar approach which would allow a community to share the 
advances in fabrication / metrology tools would allow rapid innovation in 
both tools and products to flourish.  
  

 Simplified manufacturing processes – Lowering the mask count  
o The most expensive component of manufacturing a specific nano or 

micro scale product is often the masks required to manufacture the 
product. The dream solution is to eliminate the need for masks entirely 
with cost effective maskless lithography, but an alternative is to create 
processes that reduce the number of masks required.  
 

 Massive integration of electronics with rapid 3D prototyping 
o While the semiconductor juggernaut is not the direct concern of the 

workshop, many innovative nanotechnology products will exploit VLSI 
and the integration of electronics by standard means, printed circuit 
boards for instance, is often not consistent with the desired product 
specifications (size, weight, etc.). A process that allowed integration 
with rapid 3D prototyping is an attractive proposition.  

 
 Integrating nano-materials with existing processes (e.g. nanotubes in VLSI) 

o The other side of the coin for integration of VLSI and nanoproducts is the 
integration of nano-materials (nanotubes, graphene, quantum dots, etc.) 
into VLSI or other advanced manufacturing processing. Providing paths to 
introducing nano materials into VLSI processing is viewed as a very 
promising opportunity.  

 
 CAD tools to enable DNA, RNA self-assembly nanomanufacturing  

o The ability to synthesize DNA with a specified coding of bases has led to 
a remarkable ability to produce two and three dimensional 
nanostructures. A subset of these DNA structures have already proven 
useful. A CAD tool that permitted DNA and RNA programmed assembly to 
create designed structures could very positively affect the ability to 
rapidly innovate nanoscale applications and products.  

 
SPECIFIC MANUFACTURING TECHNOLOGIES 
 

 Continuous roll to roll nano-scale printing processes 
o This technology is seen as an extremely cost effective nano-

manufacturing process that escapes the batch processing mode that is 
the rule in most micro and nano manufacturing processes.  While there is 
currently a non-trivial amount of support for developing roll to roll 
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nanoscale printing, the potential impact is so large that additional 
investment into this technology would seem to be warranted. The ability 
to align patterns accurately is a particularly important capability.  

 
 Additive/3D manufacturing at the micro and nano scale.  

o Additive / 3D manufacturing is a particularly attractive approach to 
enabling rapid innovation. There is at least one tool on the market from 
Nanoscribe that has a 3D printer with 150nm resolution and has 
demonstrated nanoscale (<100nm) 3D printing. However, materials are 
still fairly limited and processes for this and hopefully soon to emerge 
other tools have yet to be exploited for manufacturing. Significant 
opportunities present themselves for rapid prototyping and small lot 
manufacturing if improved processes can be developed.  
 

 Inkjet printing: additive and direct write 
o Inkjet technology has been a huge success in printing and the workshop 

participants believe that there are significant opportunities both for 
direct write patterning and additive manufacturing processes.  
 

 Layer by layer processing (e.g. ALD) in roll to roll and other 
nanomanufacturing  

o Atomic Layer Deposition (ALD) and other layer by layer processes 
(etching) are a powerful and relatively inexpensive method of achieving 
excellent resolution in deposition and etching that complement 
patterning processes. However, they currently lag patterning technique 
development in roll to roll processing.  

 
 Atomically (and absolutely) precise manufacturing with top down control  

o Improved manufacturing precision has a well-established track record for 
producing higher quality, more efficient, longer lasting products, and in 
the long run reduces manufacturing costs. However, as precisions 
approach the molecular and atomic scale, the granularity of materials 
presents problems and opportunities. The opportunities include 
developing digital fabrication techniques that add or remove matter in 
discrete atoms or molecules and ideally uses the quantized nature of 
matter as a guide and address grid.  Digital processes will lead to more 
accurate fabrication and should allow atomic precision which can be 
exploited for a number of promising applications. Digital matter would 
be possible when precision is absolute (in terms of the number and 
position of atoms). Digital matter could supplant analog matter in the 
same way digital electronics has supplanted analog electronics in many 
many applications.  

 
 Rapid and inexpensive fabrication of nanoimprint templates  

o Nanoimprint is a very cost effective method of patterning at the 
nanoscale, but writing templates is a costly and time consuming process. 
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An attractive target that would enable rapid innovation is short 
turnaround time and inexpensive production of nanoimprint templates.  
 

 Nano-materials synthesis: Pharma/bio, feedstock for other tools/processes 
o Nano materials can be the building blocks for a wide variety of 

innovative nano products. However, the quality control for purity, 
shape, size, etc. are often not achieved in the manner that allows their 
integration into potentially important applications.   
 

 High throughput e-beam/optical lithography (e.g. for DoD needs)  
o For short run production of specialized products such as those custom 

chips required by the DoD there is a need for flexible yet reasonably high 
throughput patterning systems that could perhaps be provided by mix 
and match between e-beam and optical lithography.  
 

 Alternative patterning: Ion/e-beam, radioisotope lithography 
nanopatterning 

o Mainstream semiconductor lithography tools have become astronomically 
expensive to purchase and maintain, and even then demand large 
production runs to support the costs of the masks. E-beam lithography 
tools have been the primary nanolithography tool for researchers and 
developers and are made available to developers through various 
channels such as the NNIN and other user facilities in universities and 
national labs. However, transition to manufacturing is difficult as many 
of the facilities do not support manufacturing and e-beam tools are 
expensive and have low throughputs. Development of alternative 
nanopatterning techniques that are suitable for manufacturing products 
other than commodity integrated circuits should be supported.  
 

 Interference lithography for periodic structures 
o Interference lithography was called out as an attractive technology for 

producing micro and nanoscale periodic structures which are useful for 
many manufacturing processes.  
 

 Better 3D metrology tools for MEMS/NEMS  
o While the situation is improving, the workshop participants felt that 

there were still many unmet needs in 3D metrology for MEMS and NEMS 
products.  
 
 

 Closed loop metrology in nanofabrication – chip-scaled SPMs 
o Chip scale scanning probe microscopes (SPMs) could dramatically 

improve resolution and, through parallelism, the throughput of 
metrology tools used for nanomanufacturing. A CMOS MEMS approach 
makes the development of the chip scale SPMs more tractable and their 
manufacturing more affordable. This approach also allows these SPMs to 
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be smart SPMs by including a microcontroller that could dramatically 
reduce integration difficulties for arrayed SPMs by allowing the smart 
SPMs to be placed on a digital bus so that high level instructions and 
results could be transmitted digitally on the bus.  

 
 Inline metrology (<50nm)-real time -next step process variations  

o Metrology is at the heart of manufacturing and deserves more attention 
than it is currently receiving. Since metrology tools that operate at the 
nanoscale are difficult to make universal, there is an obvious chicken 
and egg problem of what specifications to develop a metrology tool to. 
This is another area where a road-mapping activity could identify where 
there are needs and reduce the risk of developing metrology tools that 
would support nanomanufacturing.  
 

 Atomic GPS: atomic scale positioning over entire wafer 
o A metrology system that allowed atomic scale accuracy in positioning 

over an entire wafer in X, Y, and Z would impact many nanofabrication 
tools and processes.  

 
 Small vacuum pumps and systems, enabling small instruments 

o Microfabrication technology has produced many highly miniaturized 
systems with excellent capabilities such as mass spectrometers, electron 
optical systems, ion optical systems, and others that require vacuum 
environments. Commercialization of these systems has often been 
severely hampered by lack of miniaturized vacuum systems.  While there 
was at least one DARPA program on this subject, the workshop 
participants believed that further support for miniaturized vacuum 
pumps and systems would be a wise investment.  
 

 Intelligent biosensors (wearable) especially packaging and material 
integration 

o There are many efforts, including a new NSF ERC, to explore wearable 
biosensors that could greatly improve the collection of medically 
relevant information for research or to influence effective therapy for 
patients. Both packaging and heterogeneous material integration were 
highlighted as critical areas that hamper rapid innovation. However, 
there are other significant barriers. Researchers and developers who are 
attempting to create useful applications and products have little idea 
what the medical industry would find acceptable. In other words, the 
specifications for the biosensor products are unknown. If specifications 
acceptable to the medical community could be established, this would 
dramatically aid rapid innovation.  
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 Etching magnetic materials  
o Bit patterned media is one, but not the only application that would 

benefit significantly from a high resolution (dry) etch process for 
magnetic materials. Ion milling is currently the technology of choice but 
it has serious limitations. One new dry etch technology presented at the 
workshop, Low Energy Electron Enhanced Etching (LE4) presented by Pat 
Gillis of Systine has not demonstrated etching of magnetic materials, but 
this possibility could be explored.  
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Monday, August 19

To assist you with finding the paper in the Digest, we have provided the page number following each paper title.

08:30 OPENING WELCOME
Workshop Co-Chairs:
David Ricketts, North Carolina State University, USA
S.V. Sreenivasan, University of Texas, Austin, USA

09:00 PLENARY SPEAKER I
Session Chair: T. Kenny, Stanford University, USA

MAKING CHIPS, THE DIGITAL FUTURE OF MANUFACTURING .................................................. 1
Thomas R. Kurfess
Georgia Institute of Technology, USA

10:00 SHOTGUN ORAL POSTER SESSION A
Session Chair: J. Randall, Zyvex Labs, USA

10:30 POSTER SESSION A & BREAK

Transformative Fabrication Techniques for Rapid Innovation

P01.A NANOFABRICATION OF CILIATED MICROPILLAR ARRAY FOR LIPID
VESICLE ISOLATION ................................................................................................................. 2
Z. Wang1, X.J. Zhang1, and X. Liu2

1University of Texas, Austin, USA and 2Methodist Hospital Research Institute, USA

P02.A FABRICATION OF 2-D ULTRASOUND TRANSDUCER ARRAYS WITH
THROUGH-SILICON VIAS USING DIRECT WAFER BONDING ..................................................... 4
B.T. Khuri-Yakub, K.K. Park, A. Nikoozadeh, N. Apte, B.C. Lee, and H.-S. Yoon
Stanford University, USA

P03.A FABRICATION OF 3D LIGHTWEIGHT CELLULAR STRUCTURES WITH NANOSCALE
FEATURES BASED ON PROJECTION MICROSTEREOLITHOGRAPHY
AND NANOSCALE COATINGS .................................................................................................... 6
X. Zheng1, J. Deotte1, J. Vericella1, M. Shusteff1, E. Duoss1, J. Kuntz1, M. Biener1, 
T. Weisgraber1, H. Lee2, N. Fang2, and C.M. Spadaccini1
1Lawrence Livermore National Laboratory, USA and 
2Massachusetts Institute of Technology, USA

P04.A GAP REDUCTION VIA OXIDATION AND ALD PARTIAL-FILLING FOR HIGH-Q
ON CHIP MEMS RESONATORS ................................................................................................. 8
I.F. Rivera and J. Wang
University of South Florida, USA

P05.A HIGH PERFORMANCE FLEXIBLE 30µm THIN CRYSTALLINE SILICON
TRANSISTORS ........................................................................................................................ 10
Y. Zhai1, L. Mathew2, R. Rao2, and S.K. Banerjee1

1University of Texas, Austin, USA and 2Applied Novel Devices, Inc., USA
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P06.A MICRO-MASONRY FOR SMALL BATCH PROCESSING OF SUSPENDED
MEMS STRUCTURES .............................................................................................................. 12
H. Keum1, Y. Zhang1, D. Dezest2, Z. Yang1, F. Mathieu2, L. Nicu2, T. Leïchlé2, and S. Kim1

1University of Illinois at Urbana-Champaign, USA and 2Université de Toulouse, FRANCE

P07.A PROCESS MONITORING IN A UNIVERSITY FACILITY FOR ROBUST
SILICON PHOTONICS PROTOTYPING ...................................................................................... 14
R.J. Bojko and K.F. Lawler
University of Washington, USA

P08.A SCALABLE BONDING OF POLYTETRAFLUOROETHYLENE (ePTFE) 
NANOFIBROUS MEMBRANES ON MICROSTRUCTURES ......................................................... 16
M. Mortazavi and S. Moghaddam
University of Florida, USA

P09.A TOWARDS ATOMIC-LEVEL PRECISION IN MANUFACTURING 
MULTILAYER STRUCTURES .................................................................................................... 18
E. Moon1 and R.F. Pease2

1Massachusetts Institute of Technology, USA and 2Stanford University, USA

Top-Down Nanomanufacturing

P10.A FABRICATION OF LARGE-AREA FLEXIBLE ROLLER-IMPRINT MOLD WITH
SUB-30NM-FEATURE LOW-COST MANUFACTURING ............................................................. 20
H. Chen, Q. Zhang, and S.Y. Chou
Princeton University, USA

P11.A HIGH-THROUGHPUT FOCUSED-ION-BEAM LITHOGRAPHY USING
DOUBLY CHARGED IONS ........................................................................................................ 22
N. Garraud1, J. Fridmann2, B.P. Gila1, and D.P. Arnold1

1University of Florida, USA and 2Raith USA, Inc., USA

P12.A NANOSCALE MAGNIFICATION AND SHAPE CONTROL SYSTEM FOR PRECISION
OVERLAY IN JET AND FLASH IMPRINT LITHOGRAPHY (J-FIL) .............................................. 24
A. Cherala1,2, P.D. Schumaker2, B. Mokaberi3, K. Selinidis2, J. Choi2,
M. Meissl2, N. Khusnatdinov2, D. LaBrake2, and S.V. Sreenivasan1,2

1University of Texas, Austin, USA, 2Molecular Imprints, Inc., USA, and 
3Samsung Semiconductor, USA

P13.A SCALE UP OF ROLL-TO-ROLL NANOIMPRINT LITHOGRAPHY ................................................ 26
R.T. Bonnecaze and A. Jain
University of Texas, Austin, USA

Directed Nanomanufacturing

P14.A ATOMIC LAYER DEPOSITION FOR BIOMEDICAL SCIENCE AND
ENGINEERING APPLICATIONS ................................................................................................ 28
Y.W. Kim, M.T. Meyer, H. Ben-Yoav, M. Gnerlich, and R. Ghodssi
University of Maryland, USA
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P15.A RAPID, LOCAL DEPOSITION OF CARBON NANOMATERIALS USING
A MICROCOMBUSTOR .......................................................................................................... 30
S. Prakash, B.M. Kellie, R. Snodgrass, A.C. Silleck, and K. Bellman
Ohio State University, USA

P16.A TMV BIOFABRICATION TECHNOLOGY FOR CHEMICAL/BIOLOGICAL
SENSING AND ENERGY STORAGE APPLICATIONS ................................................................ 34
M. Gnerlich, H. Ben-Yoav, X.Z. Fan, F. Zang, E. Pomerantseva, and R. Ghodssi
University of Maryland, USA

Nano-Precision Instruments and Metrology

P17.A IN-SITU ELECTRO-OPTICAL CHARACTERIZATION AND PROCESSING OF
MATERIALS AT THE NANOSCALE ......................................................................................... 36
F.I. Allen1,2, E. Kim2, S. Ryu2, B. Ozdol1, C.P. Grigoropoulos2, and A.M. Minor1,2

1Lawrence Berkeley National Laboratory, USA and 2University of California, Berkeley, USA

P18.A SELF-SENSING CONTACT DETECTION FOR ACTUATED SYSTEMS ....................................... 38
D. Amin-Shahidi and D.L. Trumper
Massachusetts Institute of Technology, USA

11:45 Lunch

13:00 INVITED SPEAKER I
Session Chair: W. Carter, HRL Laboratories, LLC, USA

THE ZERO-MODE WAVEGUIDE AND PACIFIC BIOSCIENCES' 
SINGLE MOLECULE, REAL-TIME DNA SEQUENCING: 
TRANSLATION OF DISCOVERY INTO A PRODUCT ................................................................. 40
Stephen W. Turner
Pacific Biosciences, USA

13:45 INVITED SPEAKER II
Session Chair: T. Halbouty, Pioneer Natural Resources, USA

HOW COULD PURSUIT OF MOORE’S LAW POSSIBLY STIFLE 
INNOVATION AT THE MICRO/NANO-SCALE? ........................................................................ 41
Martin A. Schmidt
Massachusetts Institute of Technology, USA

14:30 Break

14:45 ROUNDTABLE DISCUSSION TOPIC I
Opportunities for Rapid Innovation
Session Chair: S. Manning, Pioneer Natural Resources, USA

17:30 ADJOURN FOR THE DAY
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Tuesday, August 20

08:45 OPENING REMARKS
Workshop Co-Chair:
John N. Randall, Zyvex Labs, USA

09:00 PLENARY SPEAKER II
Session Chair: S. Chou, Princeton University, USA

COLLABORATIVE EFFORTS IN NEW NANOMANUFACTURING TECHNOLOGY
DEVELOPMENT AND COMMERCIALIZATION – A PERSPECTIVE ............................................ 42
C. Mark Melliar-Smith
Molecular Imprints, Inc., USA

10:00 SHOTGUN ORAL POSTER SESSION B
Session Chair: D. Ricketts, North Carolina State University, USA

10:30 POSTER SESSION B & Break

Transformative Fabrication Techniques for Rapid Innovation

P01.B CURVILINEARLY STIFFENED PANEL USING 3D PRINTING ...................................................... 43
R.K. Kapania and S.B. Mulani
Virginia Polytechnic Institute and State University, USA

P02.B ELECTRON BEAM LITHOGRAPHY FOR SUB-250nm FEATURE 
SIZE PROTOTYPING IN MICROBOLOMETERS ......................................................................... 45
G.D. Skidmore, C. Howard, and C. Li
DRS Technologies, USA

P03.B INK-JET TECHNOLOGY: A MICROSCALE MANUFACTURING TOOL 
FOR HIGH-VALUE NANOSTRUCTURED MATERIALS  .............................................................. 47
D.B. Wallace
MicroFab Technologies, Inc., USA

P04.B NANOPARTICLE ASSEMBLY VIA ELECTROPHORETIC DEPOSITION ........................................ 49
M.A. Worsley1, A.J. Pascall1, K.T. Sullivan1, L. Zepeda-Ruiz1, J.S. Park2, 
D. Saintillan2, and J.D. Kuntz1

Lawrence Livermore National Laboratory, USA

P05.B RAPID PROTOTYPING OF EXTREMELY PRECISE NANOIMPRINT TEMPLATES ....................... 50
J.B. Ballard, J.H.G. Owen, E. Fuchs, J.R. Von Ehr, J. Alexander, W. Owen, and J.N. Randall
Zyvex Labs, USA

P06.B REPRODUCIBLE HIGH RESOLUTION ION-BEAM LITHOGRAPHY FOR 
WAFER-SCALE NANOFABRICATION AND DEVICE PROTOTYPING .......................................... 52
A. Linden1, A. Nadzeyka2, and J. Fridmann1

1Raith USA Inc., USA and 2Raith GmbH, GERMANY
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P07.B SURFACE NANOTOPOGRAPHY MITIGATION USING HIGH-SPEED PROGRAMMABLE
NANOSCALE FILM DEPOSITION ............................................................................................ 54
S. Singhal and S.V. Sreenivasan
University of Texas at Austin, USA

P08.B TRANSFER-FREE, WAFER-SCALE FABRICATION OF SUSPENDED GRAPHENE
NANOELECTROMECHANICAL STRUCTURES ......................................................................... 56
M.A. Cullinan and J.J. Gorman
National Institute of Standards and Technology, USA

Top-Down Nanomanufacturing

P09.B A FLEXIBLE SYSTEM FOR MICROFLUIDIC PARTICLE LITHOGRAPHY 
AND REAL-TIME SHAPE IDENTIFICATION ............................................................................ 58
C.R. Oliver1 and A.J. Hart2

1University of Michigan, USA and 2Massachusetts Institute of Technology, USA

P10.B EFFECT OF MOLECULAR WEIGHT CUT-OFF OF CELLULOSE MEMBRANES ON
HIGH YIELD PRODUCTION OF GOLD/GOLD SULFIDE NANOPARTICLES ................................ 60
K.T. James1, M.G. O'Toole1, D. Patel2, A.M. Gobin3, and R.S. Keynton1

1University of Louisville, USA, 2Energy Delivery Systems, USA, and 3TPC Group, USA

P11.B OPTICAL NANOPATTERNING BEYOND THE FAR-FIELD DIFFRACTION LIMIT
VIA WAVELENGTH-SELECTIVE PHOTOCHEMISTRY .............................................................. 62
P. Cantu1, F. Masid1, A. Majumder1, T.L. Andrew2, and R. Menon1

1University of Utah, USA and 2University of Wisconsin, USA

P12.B SOLUTION-BASED PROCESSING FOR ROLL-TO-ROLL FABRICATION OF
NANOSTRUCTURED MATERIALS AND DEVICES ................................................................... 64
J. Watkins and J. Morse
University of Massachusetts, Amherst, USA

P13.B SUB-30NM ROLLER NANOIMPRINT MANUFACTURING USING HIGH FIDELITY
FLEXIBLE MOLD AND APPLICATIONS TO LARGE-AREA HIGH-PERFORMANCE
NANOPLASMONIC SENSORS AND SOLAR CELLS ................................................................. 65
Q. Zhang, H. Chen, and S.Y. Chou
Princeton University, USA

Directed Nanomanufacturing

P14.B A SCALABLE NANOMANUFACTURING PROCESS FOR NANOCOMPOSITE
MAGNETIC MICROSTRUCTURES .......................................................................................... 67
X. Wen, J.D. Starr, J.S. Andrew, and D.P. Arnold
University of Florida, USA
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P15.B DIRECTED INTEGRATION OF SEMICONDUCTOR NANOWIRES BY
LOCALIZED LASER IRRADIATION ......................................................................................... 69
S.-G. Ryu1, E. Kim1, D.J. Hwang2, J.-H. Yoo1, O.D. Dubon1, 
A.M. Minor1, and C.P. Grigoropoulos1

1University of California, Berkeley, USA and 2Stony Brook University, USA

P16.B SCALABLE NANOMANUFACTURING USING SELF-ASSEMBLED 
BIOLOGICAL TEMPLATES ..................................................................................................... 72
M. Rahman, E. Olceroglu, and M. McCarthy
Drexel University, USA

P17.B UNIFORMITY OF SUB-15 NANOMETER PLASMA ENHANCED ATOMIC
LAYER DEPOSITION PLATINUM FILMS ................................................................................. 74
T.S. English1, F. Purkl2,3, J. Provine1, G. Yama2, A. Feyh2, G. O'Brien2,
O. Ambacher3, and T.W. Kenny1

1Stanford University, USA, 2Robert Bosch LLC, USA, and
3University of Freiburg, GERMANY

Nano-Precision Instruments and Metrology

P18.B NON-DESTRUCTIVE QUANTITATIVE METROLOGY OF CARBON
NANOTUBES FOR ADVANCED MANUFACTURING ................................................................. 76
M. Bedewy1 and A.J. Hart1,2

1University of Michigan, USA and 2Massachusetts Institute of Technology, USA

P19.B SINGLE-CHIP SCANNING PROBE MICROSCOPES ................................................................. 78
N. Sarkar1,2, G. Lee1,2, M. Azizi1, and R.R. Mansour1,2

1University of Waterloo, CANADA and 2ICSPI Corp., CANADA

Late News

P20.B THE MIG TECHNOLOGY DEVELOPMENT PROCESS TEMPLATE ............................................. 80
V. Marty1, D. Ortloff2, and D. Dipaola3

1Hewlett-Packard, USA, 2Process Relations GmbH, GERMANY, and 
3DiPaola Consulting LLC, USA

P21.B TOWARDS CHIP-SCALE ELECTRON BEAMS FOR LITHOGRAPHY ......................................... 90
J. Hwang, V. Ostwal, J. Anumula, Y. Shi, S. Ardanuç, and A. Lal
Cornell University, USA

P22.B EXPERIMENTAL INVESTIGATION OF FORCE, CONDUCTION AND GROWTH 
IN NANO-OXIDATION USING SCANNING PROBE MICROSCOPY ............................................ 92
O. Ozcan1, W. Hu1, M. Sitti1, J.A. Bain1, and D. Ricketts2

1Carnegie Mellon University, USA and 2North Carolina State University

P23.B NANOFABRICATION AT SUB-10 NM LENGTH SCALE USING INERT IONS ............................. 94
B. Singh
Carl Zeiss Microscopy, USA
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11:45 Lunch & BEST POSTER AWARD

13:00 INVITED SPEAKER III
Session Chair: R. Bonnecaze, University of Texas, Austin, USA

FABRICATION OF LARGE ARRAYS OF ~10 NM FEATURES 
FOR PATTERNED MEDIA ........................................................................................................96
Thomas R. Albrecht
Hitachi Global Storage Technologies, Inc. (HGST), USA

13:45 INVITED SPEAKER IV
Session Chair: A. Linden, Raith USA, Inc., USA

DESIGN PRINCIPLES FOR PRECISION MOTION CONTROL 
IN NANOFABRICATION TOOLS .............................................................................................. 97
David L. Trumper
Massachusetts Institute of Technology, USA

14:30 Break

14:45 ROUNDTABLE DISCUSSION TOPIC II
Tools/Access Needed for Rapid Innovation for Opportunities Identified on Monday
Session Chair: S.V. Sreenivasan, University of Texas, Austin, USA

18:00 RECEPTION
18:45 DINNER
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Wednesday, August 21

08:30 PLENARY SPEAKER III
Session Chair: S.V. Sreenivasan, University of Texas, Austin, USA

FORMFACTOR; LESSONS FROM A MEMS STARTUP COMPANY ............................................. 98
Benjamin N. Eldridge
FormFactor, Inc., USA

09:30 INVITED SPEAKER V
Session Chair: G. Skidmore, DRS Technologies, USA

MASKLESS PHOTOLITHOGRAPHY: CHANGING THE GAME 
IN MICRO AND NANO MANUFACTURING ............................................................................... 99
Michael Walsh
LumArray, Inc., USA

10:15 INVITED SPEAKER VI
Session Chair: N. Sarkar, University of Waterloo, CANADA

TOWARDS WAFER-SCALE MANUFACTURING OF NANODEVICES: 
MASSIVELY PARALLEL ETCHING OF NANOSTRUCTURE ARRAYS ........................................ 100
H. Pat Gillis, S.J. Anz, and W.A. Goddard, III
Systine, Inc., USA

11:00 Break

11:15 ROUNDTABLE DISCUSSION TOPIC III
Call to Action - Recommendations to Enable Nanofabrication for Rapid Innovation
Session Chair: D. Ricketts, North Carolina State University, USA

12:30 WORKSHOP ADJOURNS
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