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Abstract: The Center for Nanoscale Chemical-Electrical and Mechanical Systems is a NSF-sponsored Nanoscale Science and Engineering Center (NSEC) that is focused on developing the science and engineering of processes, tools and systems for manufacturing at the nanoscale along with the human resources to enable it. Started up in September of 2003, Nano-CEMMS is a partnership between four institutions: Caltech, North Carolina A&T, Stanford and the University of Illinois at Urbana Champaign.
1. Introduction
The vision of the Nano-Chemical-Electrical-Mechanical Manufacturing Systems (Nano-CEMMS) Center[1] is to make the most basic elements of manufacturing, transcription of matter and the transduction of its state, a practical reality at the nanoscale. Therefore, its mission is to: (a) Explore and develop new methodologies and tools that exploit chemical, mechanical and electronic phenomena and processes for 3-D manufacturing at the nanoscale; (b) Create viable technologies that integrate nanoscale manufacturing methodologies into scalable, robust and cost-effective operational systems for manufacturing devices and structures at larger length scales; and (c) Develop diverse human resources to enhance the scientific research, education, and industrial nanotechnology workforce the country.


The programs within the Center concentrate on two main areas (a) Research and (b) Education and Outreach. The Center integrates the work of roughly 25 faculty (from 7 disciplines), 4 post-doctoral researchers, 30 graduate students, 17 undergraduate students and 6 staff members into a number of cross-disciplinary  research projects with strong components of education and outreach. 

2. Research
Nano-CEMMS’ strategic research vision is to explore and exploit fluidic and ionic transport phenomena at the nanoscale to create a fundamentally new manufacturing paradigm to enable nanoscale heterogeneous integration. If a fundamentally new manufacturing paradigm is possible, then nanoscale fluidics, rich in efficient and tunable transport, is an obvious domain in which to begin. Therefore, the Nano-CEMMs primary strategic goals are to:
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Goal 1 – Explore and characterize nanoscale fluidic or ionic transport and phenomena to increase the knowledge of fluid-material-structure-field interactions, for the purpose of creating new approaches to manufacturing at the nanoscale. This goal is addressed by Thrust 1 – Micro-Nano Fluidics.
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Goal 2 – Develop and extend the basic technology infrastructure required in a manufacturing process (such as sensing, positioning, microfabrication tooling, and micro-nanofluidics) beyond the current state-of-the-art to support fluid and ionics-based manufacturing at the nanoscale. This goal is addressed by Thrust 2 – Nanoscale Sensing and Positioning and Fabrication.
Goal 3 – Combine the results of basic exploration of nanoscale fluidic transport and phenomena in a new nanomanufacturing modality and merge these capabilities into an integrated set of processes for nanomanufacturing, addressed by Thrust 3 – Manufacturing Processes and Systems.
Goal 4 – Demonstrate how the new manufacturing processes being developed (i) produce new routes to heterogeneous integration in electronics, optoelectronics and microfluidics, with capabilities at the nanoscale; and (ii) create new capacity to support specific testbed applications. This goal is addressed by Thrust 4 – Applications and Testbeds.
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To integrate these goals, Nano-CEMMS uses a manufacturing platform depicted in Figure 1. Figure 2 shows how the basic scheme underlies a set of processes and assembly mechanisms for heterogeneous integration, enabling broad material coverage, nanoscale resolution capabilities and flexibility in the geometries, from flat to full three-dimensional layouts. The vision of a fluidic and ionic-based nanomanufacturing platform includes developing physical realizations of the manufacturing processes in configurations that enable high throughput, high resolution, flexibility, robustness and high yield, via positioning platforms, embedded sensing, and localized control arrays of process elements and interchangeable toolbits. Research teams within Nano-CEMMS have made significant progress with respect to each of the goals and reported in 145 papers and 14 patent applications. For example, recently, 
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Aluru, Bohn, Shannon, and Sweedler have developed a fundamental body of knowledge with coordinated sets of experimental and modeling results that provide new insight into transport in high-aspect ratio nanopores, which has direct implications for the molecular gate-based printing tool bit, synthesis of rare bio-chemical compounds, and sensing applications [2, 3].

· Rogers, Georgiadis, Ferreira, and Alleyne along with Park (a Center visitor from KAIST) have demonstrated the highest resolution jet-printing process to date, demonstrating droplets sizes of about 250 nm. They have also demonstrated printing of heterogeneously integrated carbon nanotube-based switches on flexible substrates with this process [4].
· Shannon and Kenis have explained phenomena regulating liquid bridging and transfer between two surfaces and the role played by surface properties in liquid transfer while Moore and Shannon have demonstrated how to modulate surface properties using facile ‘Click’ chemistries to change surface chemistry. These advancements have direct implications for liquid nanoscale transfer printing [5, 6].

· Fang and Ferreira[7] have developed a new solid-state electrochemical nanoimprint process for single-step production of metallic nanostructures with resolutions down to 50 nm by ionic transport in superionic conductors (Figure 5). The process has powerful advantages in processing simplicity and patterning capabilities compared to conventional forms of imprint lithography.
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Cunningham with Kenis and Hergenrorther have developed a novel, inexpensive approach to microfluidic systems with integrated photonic crystals (Figure 6) for tag-free bio-sensing applications [8].
3. Education and Outreach
The broader mission of the Center involves advancing education in nanoscience and technology, and developing diverse human resources in science and engineering in general, and nanomanufacturing in particular. A solid HRD program infrastructure has been built that supports programs for pre-college, undergraduate, and graduate students, as well as teaching professionals.  Each program includes components aimed at increasing diversity in all facets of the Center.  Evaluations of all education and outreach activities are conducted by faculty and staff from the Departments of Education at UIUC. The program has a number of activities including:
· For graduate education, the Center brings together faculty and students from seven different disciplines to interact and collaborate on research projects, create and offer new nanomanufacturing and related courses, participate in seminars and meetings, and provide opportunities to engage with foreign institutions and prospective employers. Three of the five new courses introduced in nanosciences and technology were in nanomanufacturing: Nano/Micro and Bio Manufacturing [Desai at NCA&T]; Manufacturing at the Nanoscale [Online with 15 UIUC instructors]; Fundamentals of Nanomanufacturing [Fang at UIUC]

· At the undergraduate level, the Center offers an extensive REU program with graduate student involvement, introduces nanoscale science and engineering concepts and phenomena in courses, and engages students in a wide variety of yearlong development activities. Further, the Center provides student leadership opportunities and an SROP for a diverse group of UG students from across the country. The REU program over the last three years has included over 45 highly qualified undergraduates from 12 different universities.

· The Center holds workshops and institutes for middle and high school science and technology teachers. It also participates in summer camps and enrichment programs for high-school students. 492 middle and high school teachers have attended Nano-CEMMS teacher workshops.

· Nano-CEMMS impacts curriculum development at the high-school and middle school levels and creates and loans pre-college instructional modules. The Center, along with its high school teacher participants, has developed sixteen learning modules, four of which are available as kits (See Figure 7).
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The Center engages in informal education activities with the pubic, creates exhibits and holds children activities at local museums. Nano-CEMMS created and installed an interactive, traveling museum display on stretchable silicon for The Tech Museum of Innovation in San Jose, the most well known museum for silicon technology in the world.

· Nano-CEMMS partners with the State of Illinois through I-WIN (Illinois Workforce In Nanotechnology) to bring educators and administrators from K-12, community colleges, and universities together with leaders in business and policy makers to study the impact of nanotechnology on the workforce needs of the state and to influence in STEM, commerce, and economic development. Two workshops on through I-WIN were attended by more than one hundred teachers, administrators, and policy makers.

· The Center also engages industry through its industrial outreach program that includes an affiliate that currently has about 10 member companies including large corporations such as Ford, BAE Systems, Samsung) and startups such as Semprius and Microlution.  The Center runs a successful annual industrial board meeting averaging 20 industries. It’s annual IP mining exercises has resulted in 14 patent applications and disclosures.
4. Summary

In the four years since its inception, Nano-CEMMS has developed into a vibrant, interdisciplinary research and education environment. Tangible results of this integrated environment are evident from its ability to leverage funds from other agencies and industry. The productivity of the environment is visible in the number of publications (around 145) with more than half published with two or more Center researchers and Patents (14 applications). The Center has graduated 15 PhD and 15 MS students and this number is expected to increase steadily.
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Figure 7:  High-school teaching modules are built by adapting laboratory set ups for high school use. Here a projective micro-stereolithography set up is adapted for high school modules  in physics, chemistry, computer & information systems and mechanics.
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Figure 4: Transfer of fluids from a drop to a post and from the post to a substrate. 
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Figure 3: E-Jet Printing: (Top) Portrait of Hypatia, printed by raster scanning with 500 nm droplets. (Middle) Printed photoresist. (Bottom) Subsequent etching patterns capability of <1 µm resolution.





Figure 6:  (Left) 96-well plate with integrated microfluidic and photonic crystal biosensors (right) as the bottom surface to enable parallel imaging 
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Figure 2 The Nano-CEMMS manufacturing strategy integrates fluidics-based processes with an assembly process to create a manufacturing pathway to heterogeneously integrated products.
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Figure 5: Superionic stamping: (a) chemical sensor with a 40 nm Ag- wire on SiN; (b) A fractal antenna (Ag) with 100 nm features on SiN.
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Figure 1: Schematic of the different scales & subsystems in the Nano-CEMMS Platform.
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