NanoModular Materials and
WTEC Report
Systems by Design

Pulickel Ajayan
Kaustav Banerjee
Donald Brenner
Ahmed Busnaina
Padma Gopalan
A.T. (Charlie) Johnson
Michael Stopa

INTERNATIONAL ASSESSMENT OF RESEARCH IN
NANOMODULAR MATERIALS AND SYSTEMS BY DESIGN
This study was sponsored by the U.S. National Science Foundation (NSF).

Panel
Pulickel Ajayan, PhD (Panel Chair)
Benjamin M. and Mary Greenwood Anderson
Professor of Engineering
Professor and Chair, Department of Materials Science
and NanoEngineering
George R. Brown School of Engineering
Rice University
P. O. Box 1892, MS-321
Houston, TX 77251-1892
Kaustav Banerjee, PhD
Department of Electrical and Computer Engineering
Director, Nanoelectronics Research Laboratory
4151 Harold Frank Hall
University of California
Santa Barbara, CA 93106-9560
Donald Brenner, PhD
Kobe Steel Distinguished Professor
and Associate Department Head
Department of Materials Science and Engineering
North Carolina State University
Engineering Building 1, Centennial Campus
Room 3028D
Raleigh, NC 27695

Ahmed A. Busnaina, PhD
William Lincoln Smith Professor, and Director
The NSF Nanoscale Science and Engineering Center
for High-Rate Nanomanufacturing
and The NSF Center for Microcontamination Control
Northeastern University
467 Egan Bldg.
Boston, MA 02115
Padma Gopalan, PhD
College of Engineering, and Director
Nanoscale Science and Engineering Center
University of Wisconsin-Madison
219 Materials Science and Engineering Bldg.
1509 University Avenue
Madison, WI 53706
A. T. Charlie Johnson, PhD
Department of Physics and Astronomy, and
Director, Nano/Bio Interface Center
University of Pennsylvania
209 South 33rd Street
Philadelphia, PA 19104-6396
Michael Stopa, PhD
Nantero, Inc.
25 E Olympia Ave.
Woburn, MA 01801

Study Advisor
Boris I. Yakobson, PhD
Karl F. Hasselmann Chair in Engineering
Department of Materials Science and
NanoEngineering
Rice University
Houston, TX 77251

Other Participants in Site Visits
Government Representatives

WTEC Representatives

Dimitri Pavlidis, PhD (National Science Foundation)

Patricia Foland, BSc, PMP (Asia and Europe)

Brian Holloway, PhD (Office of Naval Research)

Hassan Ali, MS (Asia)
Clayton Stewart, PhD (Europe)

WTEC Panel Report on

INTERNATIONAL ASSESSMENT OF RESEARCH IN
NANOMODULAR MATERIALS AND SYSTEMS BY DESIGN

September 2016

Pulickel Ajayan (Chair)
Kaustav Banerjee
Donald Brenner
Ahmed Busnaina
Padma Gopalan
A. T. Charlie Johnson
Michael Stopa

Copyright 2016 by WTEC. This document was sponsored by the National Science Foundation (NSF) under
an NSF cooperative agreement (ENG 0844639) with the World Technology Evaluation Center, Inc.
(WTEC). The U.S. Government retains a nonexclusive and nontransferable license to exercise all exclusive
rights provided by copyright. Any opinions, findings, and conclusions or recommendations expressed in this
material are those of the authors and do not necessarily reflect the views of the United States Government,
the authors’ parent institutions, or WTEC. Copyrights to graphics included in this document are reserved by
original copyright holders or their assignees and are used here under the Government’s license and by
permission. Requests to use any images must be made to the provider identified in the image credits, or to
WTEC if no provider is identified.

ii

WORLD TECHNOLOGY EVALUATION CENTER, INC. (WTEC)
R. D. Shelton, President
Frank Huband, Senior Vice President and General Counsel
Geoffrey M. Holdridge, Executive Vice President
Patricia Foland, Vice President for International Operations
Hassan Ali, Advance Contractor (Asia)
Grant Lewison, Bibliometrics
Clayton Stewart, Advance Contractor (Europe)
Patricia M.H. Johnson, Report Editor

ACKNOWLEDGMENTS
We at WTEC wish to thank all the panelists for their valuable insights and their dedicated work in conducting
this assessment of Nanomodular Materials and Systems by Design, and to thank all the site visit hosts for so
generously sharing their time, expertise, and facilities with us. For their sponsorship of this important study,
our sincere thanks go to the National Science Foundation.

– R.D. Shelton
President, WTEC

WTEC MISSION
WTEC provides assessments of international research and development in selected technologies under awards
from the National Science Foundation (NSF), the Office of Naval Research (ONR), and the National Institute
of Standards and Technology (NIST). Formerly part of Loyola University Maryland, WTEC is now a separate
nonprofit research institute, and the International Technology Research Institute (ITRI) is its small business
subsidiary. Sponsors interested in international technology assessments or related studies can provide support
through NSF or directly through separate grants.
WTEC’s mission is to inform U.S. scientists, engineers, and policymakers of global trends in science and
technology. WTEC assessments cover basic research, advanced development, and applications. Panels of
typically six technical experts conduct WTEC assessments. Panelists are leading authorities in their field,
technically active, and knowledgeable about U.S. and foreign research programs. As part of the assessment
process, panels visit and carry out extensive discussions with foreign scientists and engineers in their labs.
The WTEC staff helps select topics, recruits expert panelists, arranges study visits to foreign laboratories,
organizes workshop presentations, and finally, edits and publishes the final reports.

iii

TABLE OF CONTENTS
Table of Contents .................................................................................................................................... iii
Table of Figures ....................................................................................................................................... v
Foreword ................................................................................................................................................. ix
Executive Summary ............................................................................................................................... xv
1. Introduction .................................................................................................................................................. 1
Pulickel Ajayan
Scope of the Study .............................................................................................................................. 1
Organization of the Study ................................................................................................................... 2
WTEC Background............................................................................................................................. 2
Methodology of the Study .................................................................................................................. 3
Overview of the Report....................................................................................................................... 6
Acknowledgments .............................................................................................................................. 6
References........................................................................................................................................... 6

2. Directed Self-Assembly Methods for Creating Multifunctional Nanomodular Materials and Systems... 7
Padma Gopalan and Pulickel Ajayan
Introduction......................................................................................................................................... 7
Vision for the Next Decade on Nanomodular Materials and Systems ................................................ 7
Advances in the Last Decade and Current Status ............................................................................... 7
Goals for the Next Decade ................................................................................................................ 12
R&D Strategies ................................................................................................................................. 13
R&D Impact on Society .................................................................................................................... 13
Conclusions and Priorities ................................................................................................................ 13
International Perspectives ................................................................................................................. 13
References......................................................................................................................................... 16
3. Scalable Nanomodular and Nanosystems Manufacturing ..................................................................... 19
Ahmed Busnaina
Introduction....................................................................................................................................... 19
Vision................................................................................................................................................ 19
Advances in the Last Decade in NMSD ........................................................................................... 21
Current Status of Key Nanomanufacturing Methods ........................................................................ 21
Major Barriers to NMSD (in Science, Technology, & Infrastructure) ................................................ 27
Goals for the Next Decade ................................................................................................................ 27
Infrastructure Needs .......................................................................................................................... 27
R&D Strategies and Opportunities ................................................................................................... 28
Examples of Achievements............................................................................................................... 28
Conclusions and Priorities ................................................................................................................ 29
International Perspectives ................................................................................................................. 30
References......................................................................................................................................... 32
4. Electronics from Nanomodular Materials ............................................................................................... 36
A. T. Charlie Johnson and Michael Stopa
Electronics, Photonics, and Magnetics from Nanomodular Materials .............................................. 36
Vision for the Next Decade .............................................................................................................. 38
Advances in the Last Decade and Current Status ............................................................................. 38
Goals for the Next Decade ................................................................................................................ 45
Infrastructure Needs .......................................................................................................................... 46
R&D Strategies ................................................................................................................................. 46
R&D Impact on Society .................................................................................................................... 47
Examples of Achievements............................................................................................................... 47
Conclusions and Priorities ................................................................................................................ 48
International Perspectives ................................................................................................................. 49

iv

Table of Contents

4-Annex: The NEEDS Vision for NMSD—A Case Study in System-Level Nanoelectronic
Device Design ............................................................................................................................ 50
Mark Lundstrom, Muhammad A. Alam, Jaijeet Roychowdhury, and Luca Daniel
Nanoelectronics is Evolving; So Must the Design Tools .................................................................. 50
NEEDS: NanoEngineered Electronic Device Simulations ............................................................... 51
Circuits and Systems of Nanomodular Components ......................................................................... 51
MAPP: Model and Algorithm Prototyping Platform ........................................................................ 52
Case Study: Physics-Based Compact Models for Droplet Biosensors .............................................. 53
Conclusions (4-Annex): Looking Forward and Looking Back ......................................................... 54
References (4-Main) .......................................................................................................................... 54
References (4-Annex) ....................................................................................................................... 56

5. Nanomaterial-Based Sensors and Energy Storage ................................................................................. 57
Ahmed Busnaina and A. T. Charlie Johnson
Nanomaterial-Based Sensors............................................................................................................. 57
Energy Storage Using Nanomaterials ............................................................................................... 61
Conclusions and Priorities ................................................................................................................. 66
International Perspectives ................................................................................................................. 66
References ......................................................................................................................................... 68
6. Opportunities and Challenges for Theory, Simulation, and Modeling in Nanomodular
Systems Design ........................................................................................................................................... 71
Donald W. Brenner and Michael Stopa
Vision for the Next Decade on Nanomodular Materials and Systems .............................................. 71
Advances in the Last Decade and Current Status .............................................................................. 73
Goals for the Next Decade ................................................................................................................ 75
Infrastructure Needs .......................................................................................................................... 76
R&D Strategies ................................................................................................................................. 76
R&D Impact on Society .................................................................................................................... 77
Examples of Achievements ............................................................................................................... 77
Conclusions and Priorities ................................................................................................................. 78
International Perspectives ................................................................................................................. 79
References ......................................................................................................................................... 81

7. Future Prospects for Nanomodular Materials and Systems by Design ................................................ 84
Michael Stopa and Ahmed Busnaina
Overview ........................................................................................................................................... 84
NMSD Science and Technology ....................................................................................................... 86
Applications ...................................................................................................................................... 87
Economics and Sociology of R&D ................................................................................................... 88
Conclusions and Priorities ................................................................................................................. 91
International Perspectives ................................................................................................................. 92
References ......................................................................................................................................... 94
Appendix A. Panelist and Advisor Biographies .................................................................................. 97
Appendix B. Meeting and Site Visit Reports for Asia....................................................................... 101
AIST: National Institute of Advanced Industrial Science and Technology .................................... 101
Cnano Technology, Ltd. .................................................................................................................. 105
Fudan University (Workshop) ......................................................................................................... 107
Hanyang University (Workshop) ..................................................................................................... 114
Korea Institute of Science and Technology (KIST) Post-Silicon Semiconductor Institute ................ 120
National Institute for Materials Science (NIMS), International Center for Materials
Nanoarchitectonics (MANA) ................................................................................................... 123
National University of Singapore and Nanyang Technological University (Workshop) ................ 128
RIKEN Center for Emergent Matter Science .................................................................................. 131
Shanghai Institute of Microsystem and Information Technology (SIMIT), Chinese
Academy of Sciences ............................................................................................................... 134

International Asseessment of Research in Nanomodular Materials and Systems by Design

v

Suzhou Institute of Nano-Tech and Nano-Bionics (SINANO), Chinese Academy of Sciences .......... 137
Tokyo Institute of Technology (Workshop) .................................................................................... 140
Tsinghua–Foxconn Nanotechnology Research Center ................................................................... 146
Tsinghua University (Workshop) .................................................................................................... 148
Appendix C. Meeting and Site Visit Reports for Europe ................................................................. 160
Cambridge University, Cambridge Graphene Centre ..................................................................... 160
EPFL Laboratory of Nanoscale Electronics and Structures ............................................................ 165
Imec (Workshop) ............................................................................................................................ 167
MINATEC and CEA-LETI (Workshop) ......................................................................................... 174
Trinity College CRANN Institute and AMBER National Centre ................................................... 188
University College London, Imperial College London, and London Center for Nanotechnology
(Workshop)............................................................................................................................... 193
University of Manchester................................................................................................................ 205
Appendix D. Bibliometric Study of NMSD-Related Papers ............................................................ 207
Grant Lewison, Evalumetrics, Ltd.
Appendix E: List of Acronyms ........................................................................................................... 217

TABLE OF FIGURES
1.1.
1.2.
2.1.

2.2.

2.3.

2.4.

2.5.

2.6.
3.1.
3.2.
3.3.
3.4.

Countries and cities the NMSD panel visited in Asia. .................................................................... 4
Countries and cities the NMSD panel visited in Europe. ................................................................ 5
Schematic of the fabrication of nanoimprint templates with rectangular patterns using
directed assembly with block copolymers and double nanoimprints, and schematic showing
diblock copolymer lithography and transfer to a dielectric mask for subsequent growth of
semiconductor nanostructures (i.e., quantum dots) ........................................................................ 9
Fabrication of thin films of aligned semiconducting single-walled nanotubes driven by the
spreading and evaporation of controlled doses of organic solvent at the air–water interface,
and a scanning electron microscope image of the aligned s-SWCNT transistor. .......................... 10
Schematic representation of assembly of the mesogenic units into a large-area membrane
with a representative transmission electron microscopy (TEM) image demonstrating largearea, highly ordered hexagonal nanostructures of the cross-linked liquid crystalline phase. ........ 11
Schematic of the process for high-resolution jet printing of PS-b-PMMA through fine nozzles
by the action of electrohydrodynamic forces; SEM images of the resulting complex images at
submicron and micron length scales; and images showing the process of electrospray
deposition of block copolymer with corresponding SEM images of the aligned films. ................ 12
Schematic illustration of roll-to-roll continuous patterning and transfer; calculations of
surface energy and adhesion forces with single-layered graphene from the contact angle
measurements; and fabrication of sub-10-nm graphene nanoribbon array FETs by block
copolymer lithography .................................................................................................................. 14
Schematic illustrations of hydrodynamic assembly of conductive nanomesh using biological
glue: The thickness of the nanomesh is about 100 nm .................................................................. 15
A nanosystem with nanoscale features and functionality using nanomodular materials............... 20
Convective assembly mechanism on the patterned surface; SEM images of 500 nm
polystyrene particles assembly on the patterned polydimethylsiloxane template ......................... 22
Cross-sectional schematic illustrating the slip-stick mechanism responsible for self-assembly
of the superlattice of single-walled carbon nanotubes and a SEM image of aligned CNTs. ......... 23
Typical examples of assembly using fluidic assembly: (a) SEM images of assembled Au
particles; (b) SEM image of assembled SWNTs on the trenches. ................................................. 23

vi

Table of Figures

Schematic of inkjet printing system, an atomic force microscope image of printed SWNTs,
and a micrograph of the device; and an illustration of the gravure printing process for
fabricating flexible thin-film transistors ........................................................................................ 24
3.6. Assembly of highly dense aligned SWNTs using DEP, and a schematic of a high-density
array of single-tube devices and the electrode array. ..................................................................... 25
3.7. Early EPD assembly results: silica particles; PS particles; multiwalled nanotubes;
and single-walled nanotubes .......................................................................................................... 25
3.8. Common transfer methods: SWNT transfer using sacrificial layer (SiO2); PDMS stamp transfer;
and thermal tape transfer. ............................................................................................................... 26
3.9. Illustration of a typical transfer printing technique, and transferred vertical CNTs on PC film
using transfer printing. ................................................................................................................... 27
3.10. Directed assembly-based printing process and resulting 2D and 3D nanostructures from
nanoparticles and carbon nanotubes. The Nanoscale Offset printing templates and printing
system are also shown. .................................................................................................................. 29
4.1. The NEEDS website provides access to nanodevice models, tools for developing models, and
educational resources on developing compact models and the underlying science of the models ... 52
4.2. Illustration of MAPP. Models are specified in a Matlab-compatible model specification
language, ModSpec, and they interact through different network interface layers. MAPP
can be accessed at http://needs.nanoHUB.org. .............................................................................. 53
4.3. Illustration of a droplet-based sensing platform: Array of droplets spotted on a chip; as the
droplet evaporates, the biomolecules are forced to reach near the sensor surface, improving
the signal; an equivalent circuit model for droplet impedance. ..................................................... 53
5.1. MoS2, with its highly flexible and transparent nature, can offer new opportunities in
advanced diagnostics and medical prostheses. This fusion of desirable properties makes
MoS2 a highly potential candidate for next-generation biosensors. ............................................... 57
5.2. Assembly of the single-wall CNT electrically contacted glucose oxidase electrode ..................... 58
5.3. Assembly of Au-NP (gold nanoparticle)–reconstituted GOx electrode by (a) the adsorption
of Au-NP–reconstituted GOx to a dithiol monolayer associated with an Au electrode, and the
adsorption of Au-NPs functionalized with FAD on the dithiol-modified Au electrode,
followed by the reconstitution of apo-GOx on the functional NPs; a STEM image of GOx
reconstituted with the Au-FAD hybrid NP .................................................................................... 59
5.4. Scanning electron microscope images setup for assembled SWCNT array devices; an optical
image of wafer-scale sensor devices; chemical structure of TEMPO molecules; real-time
current changes as a function of concentration of H2S gas at 10, 25, 50, 75, and 100 ppm for
the functionalized SWCNT sensor ................................................................................................ 60
5.5. The discharge voltage of a structural electrode made with modified carbon nanofiber
compared with a conventional electrode without the nanofiber. The reported capacities are
normalized to the weight of LiCoO2 in the electrodes. .................................................................. 61
5.6. Nanomaterials: nanoparticles, nanowires, hollow spheres, mesoporous array. ............................. 63
5.7. 3D cell architectures: interdigitated rods, interdigitated plates, anode rod array coated with
thin electrolyte layer and surrounded by cathode material, and “sponge” architecture with
electrolyte-coated cathode particle network surrounded by anode material .................................. 64
5.8. Multilayered CNT-based cathode. ................................................................................................. 65
5.9. Cycling showing the discharge capacity of lithium manganese oxide/CNT interconnected
multilayer spray-casted cathode versus cycle number. The capicty of the hald cell multilayer
cathode is compared to a standard half cell. C/20 indicates a 20-hour charge and discharge
cycle, 1C indicates a one-hour cycle where 5C indicate a one-fifth of an hour cycle. .................. 65
6.1. Illustration of a nanometer-scale electronic device based on graphene. ........................................ 78
7.1. Analogy between the processes of development of synthetic chemistry and nanotechnology. ..... 85
7.2. A schematic of system complexity plotted versus top-down and bottom-up fabrication
control methods ............................................................................................................................. 87
7.3. Typical phases and timelines for funding and development of new scientific discoveries
across the full research and development cycle to manufacture of profitable products. ............... 89
3.5.

International Asseessment of Research in Nanomodular Materials and Systems by Design

vii

B.1. Tsukuba Innovation Arena for Nanotechnology, located on the west campus of the National
Institute of Advanced Industrial Science and Technology. ......................................................... 102
B.2. Picture of a capacitive-type touch-panel fabricated using AIST’s graphene-based transparent
conductive film............................................................................................................................ 103
B.3. Demonstration at Nanjing University of a digital inverted device integrating two anisotropic
FETs. The lattice orientation introduces an alternate design variable to tune device transport
properties and optimize circuit performance. .............................................................................. 110
B.4. Schematic of fabrication of a vertical MoS2 p-n junction, along with optical and atomic force
micrographs of experimental devices that were studied by Dr. Won Jong Yoo and colleagues. ... 117
B.5. Schematic from Dr. Sungjoo Lee’s talk showing how plasma treatment may be used to
control the number of atomic layers of MoS2 grown by chemical vapor deposition. ................. 118
B.6. Structure of typical oxide nanosheets; images of colloid suspensions of oxide nanosheets
from the MANA library of oxide nanosheets. ............................................................................. 124
B.7. Examples of nanowire transistors, silicon dry etching structures, nanorod and dome
nanostructure (silicon) arrays, and ion bean fabricated cantilevers from the MANA Foundry .. 126
B.8. Research directions of SINANO’s PERC. .................................................................................. 138
B.9. Microscopic photo of a graphene nanoelectromechanical switch: Red dot lines indicate the
ends of the suspended graphene; AFM image of dash box; height profiles along green, red,
and blue lines; longitudinal line scans along graphene showing buckling......................................... 142
B.10. Schematics of end contact and top contact with and without side-edge conduction, and their
top-view images in fabricated test circuits; cross-sectional TEM image of a representative
end-contact device. ...................................................................................................................... 143
B.11. Slide illustrating seamless engineering of compositionally variant layers. ................................. 150
B.12. Slide illustrating heterostructures of WS2/MoS2 atomic layers ................................................... 151
B.13. Hall sensors and applications. .................................................................................................... 151
B.14. Why graphene?............................................................................................................................ 152
B.15. Ongoing research at the lab of Hongwei Zhu. ............................................................................. 153
B.16. Water desalination with RGO/TO membranes at Hongwei Zhu’s laboratory............................. 153
B.17. CNTs: Price and production. ....................................................................................................... 154
B.18. 550 mm superlong CNTs. ........................................................................................................... 154
B.19. In situ etching—floating catalyst CVD for the selective growth of SWCNTs at the Institute
of Metal Research........................................................................................................................ 155
B.20. Fabrication of CNT-clamped Fe atomic chains........................................................................... 155
B.21. 3D chemically bonded bulk graphene foam. ................................................................................ 156
B.22. Supercapacitors based on graphene. ............................................................................................ 156
B.23. Modeling challenges for nanomodular systems from atomic to functional scales. ...................... 157
B.24. Kinetic Monte Carlo modeling of filament growth in CBRAM technology................................ 158
B.25. Modeling process technology ...................................................................................................... 158
C.1. Imaging carbon-based materials at Catholic University Leuven using high tunneling voltages .... 169
C.2. Molecular self-assembly of graphite and graphene surfaces. ...................................................... 169
C.3. On-chip tensile testing of ductility of thin metallic films ............................................................ 170
C.4. Condensed matter theory approaches. ......................................................................................... 170
C.5. Graphene synthesis at Imec. ........................................................................................................ 171
C.6. Contact resistance with 2D materials: Architectures................................................................... 171
C.7. Modeling and module development at Imec. .............................................................................. 172
C.8. Graphene MOSFETS (GFETs) ................................................................................................... 176
C.9. Challenges of graphene process integration. ............................................................................... 177
C.10. Four devices based on monolayer MoS2 (EPFL). ........................................................................ 178
C.11. MoS2/Si heterojunctions: Light emission (EPFL)........................................................................ 178
C.12. MoS2 growth: Introduction of green chemistry (CEA-LETI). ..................................................... 179
C.13. Advanced film bonding (CEA-LETI). ......................................................................................... 179

viii

Table of Figures

C.14. Experimental evidence: large-angle GB in epitaxial graphene on SiC(000-1) (EPFL). .............. 181
C.15. NEGF function results (ballistic regime) (EPFL). ....................................................................... 181
C.16. Vertical BN/graphene device (University of Pisa). ..................................................................... 183
C.17. The need for multiscale (need for speed) (University of Pisa). ................................................... 183
C.18. 30–100 nm domains merged in two predominated orientations at 30° (CEA-LITEN). .............. 184
C.19. Tunable electronic properties through grain-boundary engineering (CEA-LITEN). .................. 185
C.20. Modeling challenges for nanomodular systems. .......................................................................... 186
C.21. University College London’s nanomaterials suite ....................................................................... 195
C.22. Diagram of a high-throughput continuous hydrothermal flow synthesis reactor. .......................... 195
C.23. Sustainable manufacturing of transparent conducting oxides. ....................................................... 196
C.24. Potential supercapacitor and structural battery systems. .............................................................. 196
C.25. Vision and ambition for energy-efficient, environmentally friendly materials ........................... 197
C.26. Technology demonstration of a plenum cover at ICL .................................................................. 197
C.27. Summary of key information about UCL’s Electrochemical Innovation Laboratory. ................. 198
C.28. UCL/ICL novel low-cost flexi-planar fuel cell ............................................................................ 198
C.29. Bio-inspired fuel cells work at UCL’s Centre for Nature-Inspired Engineering. ......................... 199
C.30. Elements of nanomaterials research at the London Centre for Nanotechnology at UCL............. 199
C.31. Next-generation quantum devices in silicon at the UCL LCN. .................................................... 200
C.32. Battery anode analysis at ICL ...................................................................................................... 201
C.33. Tomography: 3D reconstruction and quantification at ICL of Ni-infiltrated samples. ................ 201
C.34. Work of the Thomas Young Centre at the London Centre for Nanotechnology at ICL. ............. 202
C.35. Single-molecule sensing at LCN/ICL .......................................................................................... 203
D.1. Mean actual citation scores for NAMSD papers in four publication years.. ............................... 209
D.2. Outputs of 15 leading countries in nanotech research, 2009–2013, fractional counts. ................ 211
D.3. Ratio of nanotech research outputs in 2013 to those in 2009, fractional counts. ......................... 211
D.4. Mean three-year citation score for nanotech research papers, 2009–2012. ................................. 212
D.5. Over-citation of countries' nanotech research papers by own country, 2009–2011..................... 213

ix

We have come to know that our ability to survive and grow as a nation to a very large degree
depends on our scientific progress. Moreover, it is not enough simply to keep abreast of the
rest of the world in scientific matters. We must maintain our leadership.
– President Harry S. Truman on signing the bill creating the National Science Foundation (1950)1

FOREWORD
Maintaining world leadership in science and technology has long been the policy of the U.S.
Government. The National Science Foundation (NSF) was created to ensure that leadership, and one
of its efforts has been to measure progress toward that goal through two methods, quantitative and
qualitative. The most prominent quantitative results are the scientometric indicators published
biennially in 22 volumes of the Science and Engineering Indicators (SEI) reports since 1972.2 In
parallel, WTEC has led the effort since 1989 to use NSF's prized peer review methodology to make
qualitative assessments. WTEC's expert panels have visited top labs abroad for ground truth,
documenting their assessments in over 80 reports on particular fields of science and engineering.
In recent years, many nations have improved their science and technology efforts; and in quantitative
metrics, some now challenge American leadership. In particular, the latest SEI recognizes that some
other countries have neared parity with the United States in some indicators like scientific
publications, and some have passed it in high-technology exports. Math models have shown that the
driving force behind these shifts is mainly funding for R&D, which is the bottleneck resource for
research progress.3 That is, other resources like the number of researchers or research infrastructure
usually do not limit progress, because funding can provide for them, if it is available.
Despite these quantitative findings, WTEC peer review panels often find that scientists abroad still
recognize U.S. leadership in basic research. America's stellar network of research universities is one
reason. Another is that the United States focuses its investment on the early stages of the innovation
process, like fundamental research. Some other nations focus on downstream applied research and
commercialization, which often enables them to reap the benefits of basic research done elsewhere.
So it has been with nanotechnology. The U.S. Government has invested over $23 billion in the field,
mostly in fundamental research, including parallel efforts in research infrastructure and education.
Indeed, WTEC played a key role in motivating investment in the U.S. National Nanotechnology
Initiative (NNI) through an early international study of the field4 and a more recent reprise with
recommendations for some midcourse corrections.5 The NNI has produced many benefits, including
motivating similar investments abroad and inspiring many young Americans to pursue careers in
science. Now after the fundamental investments and discoveries have been accomplished comes the
hard part: commercializing the results to reap the benefits. Studies of other disruptive technologies
have proven that it often takes 20–30 years or more for a revolutionary discovery to result in a killer
application that monetizes the technologies.6

1

Public Papers of the Presidents of the United States: Harry S. Truman, 1945–1953. 1966. Washington, DC: United States
Government Printing Office, 120:338.
2
National Science Board. 2016. Science and Engineering Indicators 2016. Arlington, VA: National Science Foundation.
3
Shelton, R. D. 2008. Relations between national research investment input and publication output: Application to an
American paradox, Scientometrics 74(2):191-205.
4
Siegel, R.W., E. Hu, and M.C. Roco, eds. 1999. WTEC Panel Report on Nanostructure Science and Technology.
Dordrecht: Kluwer.
5
Roco, M.C., C.A. Mirkin, and M.C. Hersam, eds. 2011. Nanotechnology Research Directions for Societal Needs in 2020:
Retrospective and Outlook. Dordrecht: Springer.
6
Marjanovic, S., S. Hanney, and S. Wooding. 2009. A Historical Reflection on Research Evaluation Studies, Their
Recurrent Themes and Challenges. RAND TR-789-RS.
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Foreword

For example, there were early attempts to commercialize new laser technology in the 1960s by using
it merely for higher-frequency communications. But the commercial and societal impacts of such
evolutionary applications have paled in comparison with the revolutionary ones like ubiquitous
supermarket scanners. Who can foresee the similar applications of nanotechnology? What we can be
sure of is that they will come: All matter starts at the nanoscale, and nanotechnology allows us to
design innovations at that scale for the first time. Thus, the real policy question about nanotechnology
today is who will have the patience and the commercialization skills to create the products that can
really take advantage of the many exciting discoveries that have come from it?
One of the most promising routes to such commercialization is the scaling up of novel new
nanotechnology-inspired materials into practical devices. This involves assembly of elements with
dimensions of 100 nm or less into devices up to millimeters or more in size—-four orders of
magnitude larger, or more. Over the last ten years, substantial efforts have been made to assemble
carbon nanotubes in this way. More recently, the variety of two-dimensional materials like graphene,
molybdenum disulfide (MoS2), silicene, and others look even more promising because it is relatively
easy to stack layers of complementary materials to produce practical macrolevel devices like
transistors and integrated circuits. These exciting new materials have inspired frenetic research
efforts around the world to be the first to find those killer applications.
This study of nanomodular materials and systems by design (NMSD) was initiated to find out what
is happening in leading labs around the world to move promising new nanomaterials into real
products—including 2D nanomaterials as one case study. As often happens, the conventional
scientometric measurements (Appendix D) suggested that the United States had already lost this
leadership race. Counts of research papers showed that the Chinese were producing three times as
many papers as the Americans. In input resources, the EU's Graphene Flagship initiative has been
generously funded at €1 billion over ten years. One Asian city alone, Singapore, was investing more
in this field that all of the United States. Although the United States has recognized the great
opportunities in this field with some focused funding, it would be easy to conclude that it has been
too little to make much difference. However, these quantitative indicators do not present the whole
picture. Qualitative ones like WTEC's peer review of the research groups actually conducting the
work tell a more nuanced story.
To gather information, our team organized ten workshops in the United States, Asia, and Europe,
and visited twelve leading labs abroad. While the researchers we visited were among the world's
leaders in this field, we were struck by how far everyone was from assembling these nanomaterials
into practical products. In lab after lab we found that researchers are still doing primarily basic
research on the materials themselves, and mostly still speculating about applications. Further, that
foreign research still has a strong American component, often in the form of researchers who got
their education and early experience at U.S. universities. Thus, the most strategic conclusion of this
study is that it is not too late for the United States to succeed in this new field. However, it does take
resources to carry out the many steps necessary to reach profitability. And the United States is just
not investing enough to remain competitive in this field.
The chapters from the WTEC experts summarize the technical status and trends that they have
identified. Here are some of their key points about the science policy issues involved. The overall
status of the field can be briefly summarized as:
Although significant investment and progress have been made in nanotechnology over the last
decade, integration of new nanomaterials and nanoprocesses into product manufacture remains
disappointingly slow. (Busnaina, Chapter 3)

Funding models for leading Asian and European efforts in this field are markedly different from
those in the United States. With few exceptions, most U.S. funding is given to small research groups
headed by a single principal investigator (PI) on the basis of very competitive proposals, often with
a success rate of 20% or less. While this intense competition tends to produce the very best results
for limited resources, it also leads to the creative PIs spending much of their time on fundraising and
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makes it very difficult to build up a long-term infrastructure that can carry discoveries into
commercialization. By contrast, most Asian and European funding is on a long-term institutional
basis to much larger groups that can plan for a complete life cycle from discovery to product. This
even impacts potential collaborations. One telling finding here is:
Several of the researchers who met with the U.S. WTEC panel expressed the opinion that the
American proposals for joint EU–U.S. research opportunities were much more involved and
had a much lower probability of support compared to the proposals made by the European
counterparts. Because of this, the European enthusiasm for joint [EU–U.S.] research efforts
appears to be tempered. (Brenner, Chapter 6)

While many application areas are possible in the nanomodular materials and systems by design field,
electronics is leading the way, because:
(a) Miniaturization is a driving force in the technology…, (b) electronics is inherently modular,
(c) economic demand for electronics is huge and growing, and (d) objectives like increased
efficiency and reduced power consumption are obvious enticements for nanoscale solutions.
(Stopa and Johnson, Chapter 4)

New nanomaterials offer solutions to barriers in continuing advancement of microelectronics below
the 7 nm cell size now limiting conventional silicon technologies. While promising individual
devices have been developed, considerably more work is needed to scale up to the billions of cells
on the standard 300 mm wafer size. Universities just do not have sufficient resources to do this.
In Europe and Asia we saw strong university–industry collaborations that provide a path
forward that is not really available in the United States. If the United States wants to compete
in such products, NSF or other Federal agencies need to encourage similar collaborations.
(Banerjee, Final Workshop Presentation)

Simulation and modeling can provide a theoretical basis for the assembly of such new materials into
practical devices. All panelists agreed on the central role of modeling in this field. Don Brenner
(Chapter 5) was skeptical that modeling would ever be able to fulfill the vision of predicting
performances of macrolevel nanomodular systems from first principles of the underlying nanoscale
components. However, there is a promising approach in a subset of that goal in the Nano-Engineered
Electronic Device Simulation (NEEDS) program.
NEEDS is a visionary initiative funded by NSF and the Semiconductor Research
Corporation. In electronics, the concept of a compact model that encapsulates the complex
internal physics of a component as a simple model that can be connected with other modules
in electrical circuits has been proven to be enormously powerful. (Lundstrom, Chapter 4 annex)

NEEDS is well underway and already includes models for a variety of modules—electronic, sensor,
mechanical, and others. This approach could at least evaluate structures, like electronic circuits, that
can fulfill requirements for scaling up to macrolevel systems.
Some of the most advanced approaches to assembly are guided by nature's own techniques for scaling
up nanoscale components into complete macroscale structures and even living organisms. A lot of
exciting work is underway using such approaches, such as use of DNA molecules as patterns for
electronic devices.
The current methodologies have shown tremendous progress in controlling order, placement,
and resolution of features in thin films, mainly at a single length scale and predominantly with
one or two nanomaterials at a time. Much of this work has been catalyzed by the needs of the
microelectronics industry, which are more stringent than what are needed for other functional
architectures. (Gopalan, Chapter 2)

Still, even this directed-assembly approach seems to be in the early stages of the research. It may
well provide the breakthrough needed for creation of truly revolutionary new products, but it seems
likely that it will take years or even decades to do so.

xii

Foreword

The WTEC panel saw many interesting technologies relevant to NMSD in the United States and
abroad. Here are just a few more examples:


Battery electrodes that have employed composite materials to increase surface area and
improved ionic transport have been a natural area for nanomodular material application. A
particularly impressive approach by X. Zhao, C. M. Hayner, and H. H. Kung at Northwestern
University in Chicago, IL, employs oxide nanoparticles coated onto carbon nanotubes or
graphene.
The influence of shape of nanoparticles on assembled material properties has been pioneered in
simulations by S. Glotzer and colleagues at the University of Michigan.
 Nantero in Woburn, MA, has a new paradigm for computer memory, NRAM (nonvolatile
random access memory). The Nantero material is a layered assembly of carbon nanotubes that
open and close to electrical current based on electromechanical effects.
 Many innovative programs were observed at Japan’s National Institute of Material Science
(NIMS). One particular work involved the exfoliation of layered titanate compounds into
colloidal single layers that were then collected and isolated. These “intercalation” processes
were developed at NIMS by T. Sasaki.
 The European Union’s Graphene Flagship has a several applications that have already reached
the commercialization phase. An interesting example is a composite material of graphene and
thermoset polymers employed for strength and stiffness in kayaks.
 Tailoring catalysts at the molecular level has long been a “Holy Grail” of catalytic chemistry.
In addition to increasing the rate of a reaction, modifying nanoparticles also enhances
selectivity and thermal stability. Chinese researchers have led several developments in this
NMSD area, as described in a review article by Y.-L. Zhao et al.7
WTEC asks its expert panels to assess the relative position of the United States compared to leading
foreign competitors. Here, the NMSD study chair summarized the situation as:


Asian countries’ efforts are developing at a rapid pace. Large investments have been made.
Impact is seen in basic research and progress. The quality of researchers is improving but is not
yet on a par with the West.
 European labs have developed new funding mechanisms, have remained competitive, and have
been leaders in emerging fields. Investment is concentrated in large programs.
 U.S. research quality and researcher quality is high; however, strategic investment is needed in
key areas. (Ajayan, Closing Presentation at the Final Workshop)
Separately, Dr. Ajayan reported that the Asian research groups had greatly improved compared to
the ones that he saw ten years ago on another WTEC study of carbon nanotubes.8
This foreword touches only on a few highlights of the WTEC NMSD study. The body of the report
provides the details in an analytical organization, and the appendices provide similar information in
a geographical organization. Finally, the final workshop webcast provides video, audio, and slide
show media of the findings at http://www.tvworldwide.com/events/nsf/150602/default.cfm.
WTEC reports usually do not make recommendations. Panelists are encouraged to stop at
conclusions and let readers make up their own minds about what policy responses are appropriate.
One reason is that every group of specialists thinks that its field deserves more resources, and a selfserving recommendation tends to undercut the credibility of the conclusions. Here, however, the
panelists do recommend one action that seems to involve little controversy. Abroad they saw
innovation ecosystems in nanomodular materials and systems that are essential for carrying basic
research discoveries forward to commercial products. The instrumentation and manufacturing
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infrastructure is simply too expensive and requires such a long-term commitment that it is rarely
possible for university research groups to fund it with frequent highly competitive proposals.
Indeed this gap in the U.S. innovation process has long been known, and the U.S. Government has
many programs to encourage university–industry collaboration. The new National Network for
Manufacturing Innovation enjoys considerable bipartisan support. NSF, the Department of Energy
(DOE), the National Institutes of Health (NIH), and other Federal agencies have also funded the
organization of scores of engineering research centers (ERCs), industry–university cooperative
research centers (IUCRCs), materials research science and engineering centers (MRSECs),
nanosystems ERCs, and others. Funding for these centers is very competitive: in 2008 NSF received
143 ERC proposals and funded three of them (although the odds are usually a little better than that).
Surely, proposals for centers in this very attractive area of NMSD could be competitive. Indeed, one
outcome of the current report could be to provide a factual basis for such proposals by its review of
what other nations are doing.
To summarize, the bottom line of this study is that, contrary to the initial impression given by
quantitative indicators, it is not too late for the United States to play a key role in the building of
commercially successful nanomodular materials and systems by design. But we do need to learn
from our successful competitors and use proven methods to compete effectively with them. As in
other emerging fields of technology, the U.S. Government needs to be more aggressive in
encouraging complete ecosystems over the long term, particularly via university–industry
partnerships, in order to carry America's unexcelled strengths in fundamental discoveries all the way
to killer applications, groundbreaking new products, and entirely new industries.
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EXECUTIVE SUMMARY
Nanotechnology has had a profound influence on scientists’ and technologists’ way of thinking about
how a diverse range of technologies will shape up in the future. The triumvirate of biotechnology,
information technology, and nanotechnology has captured the imagination of scientists and
technologists alike, and it promises to lay the foundation of future society. Countries around the
world have competed in investing in these areas with the hope of reaping huge commercial benefits
and of getting and staying ahead in technological competitiveness. There are still fundamental
challenges in nanotechnology, particularly in the development of nanoengineered and nanomodular
systems that can be easily integrated into system-level device platforms or bulk structures.
The first phase of nanotechnology investments, starting from the mid-1990s up to the present, made
significant progress in the development of nanoscale building blocks. Today scientists can—with
reasonable precision—design, synthesize, and characterize with atomic resolution, nanostructures of
various sizes, shapes, and chemical composition. Metal nanoparticles, carbon nanotubes, graphene,
atomically thin materials, and other nano-elements, form part of this large set of the nanomaterials
genome. Electronic and optical nanoscale devices built from individual nanostructures have been
demonstrated. Nanoparticles have been shown as delivery vehicles to treat diseases such as cancer,
enabling new paradigms in therapeutics. Yet, nanotechnology as it was originally envisioned goes
beyond creation of nanoparticle building blocks and individual nanodevices. The greater promise of
nanotechnology lies in the creation of systems built from heterogeneous nanoscale elements as
integral units of technology.
Nanomodular materials and systems by design (NMSD), where multifunctional constructs from
nanostructures can be assembled and fabricated with good control and scalability, form the link
between individual nanocomponents and systems. Examples could include a large cable assembled
from carbon nanotubes, a porosity-designed nanostructured solid, a nano-enabled drug delivery
construct, an interdigitated printed nanosensor array, a field-effect transistor made from atomically
thin layers and integrated with interconnects and power sources, and a graphene-based photodetector
embedded on a flexible electronic device substrate. The scope, challenges, feasibility, and current
status of NMSD around the world are the foci of this study and report, supported by the National
Science Foundation and managed by WTEC, Inc. Although a complete evaluation of this field would
be a difficult target, a broad representation of nanomaterials systems is embedded in the report with
the special case of two-dimensional (2D) materials covered as a case study. The atomically thin 2D
layers that emerged with the Nobel prize–winning discovery of graphene represent a set of unique
building blocks for next-generation devices and systems; this case captures many of the challenges
and opportunities presented by the NMSD concept.
Creation of nanomodular systems can be done via “top-down” or “bottom-up” processing or
combinations of the two approaches. The semiconductor industry has performed exceedingly well
with the top-down approach (lithography), all the way down to sub-10 nm dimensions, to build
complex device platforms. At present, the best case for NMSD is represented by this approach, but
there are no obvious reasons to believe that this approach will scale down further to molecular
dimensions. The bottom-up approach is the use of self-assembly or directed assembly of
nanostructures to build larger systems. Although this method relies on weak interactions, it can
produce complex structures based on surface functionalities and van der Waals interactions;
however, lack of scalability and defects are intrinsic problems in this approach. The competition and
synergy between the two approaches will define the next generation of NMSD-based architectures;
this was clearly seen throughout the study explored here.
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Executive Summary

The creation of nanomodular systems from nanoscale building blocks suffers from several intrinsic
challenges, including the following:





Intrinsic dimensional and structural variability persist in nanostructures produced in scalable
nanomanufacturing processes. Some problematic examples are control of particle sizes in
nanoparticle synthesis, control of size and chirality in nanotubes, control of dispersion of
nanostructures in composites, and edge control in lithographically patterned nanostructures.
Scalability of large-area self-assembly and control of defect density in such structures are
continuing issues. Three-dimensional periodic assembly has not been well understood, and
layer-by-layer assembly is time-intensive.
Controlled creation of junctions and interfaces between heteronanostructures has been limited
to few systems, and building 3D structures from nanoscale building blocks with tunable
properties, via bottom-up processes, has been extremely difficult. The small sizes and large
surface-to-volume ratios in nanostructures produce large impacts for interfaces; design and
control of interfaces in nanostructured materials and devices is a holy grail in NMSD.

Despite these challenges, substantial progress has been made in fundamental understanding of
directed self-assembly processes and in how hierarchical assembly can lead to multifunctional
materials and structures. In Chapter 2 Padma Gopalan describes the power and challenges of selfassembly and its use in creating practical nanomodular systems from a variety of nanoscale building
blocks. Contributing to progress in the field have been advances in exfoliation and wet-chemistry
synthesis techniques, optimization of field-driven assembly techniques, printing and other soft
lithography–based methods, and ability to perform roll-to-roll continuous patterning and transfer (for
example, in the case of graphene nanoribbons). These have suggested directed self-assembly as a
viable approach to building nanomodular systems for several applications related to physical and
biological sciences. An example is the successful wafer-scale assembly of chirality-selected, highly
dense carbon nanotube films, which would have been deemed impossible a decade ago. As a future
possibility, the ability to isolate various compositions of 2D materials and stack them at will with
atomic precision could lead to unprecedented improvements in electrostatics and far better electron
transport in new electronic device configurations.
Manufacturing and commercialization of nanotechnologies have followed a slower pace than
initially expected. Some of the intrinsic issues described earlier have contributed to this. Yet several
approaches based on top-down deposition and patterning of nanostructures has led to the
development of nanomodular systems. These are typically systems that do not require the high levels
of precision required by the semiconductor industry and platforms such as CMOS but could be
complex and multifunctional compared to high-end manufacturing processes. Printing techniques,
contact and noncontact transfer methods, directed assembly, etc., have allowed the creation of
nanomodular systems on various platforms. In Chapter 3 Ahmed Busnaina provides the vision and
opportunities for these techniques and the long-term perspectives for new manufacturing paradigms
for nanomodular systems. Many of these techniques are under development and with better
optimization will have strong impact on early commercialization of nanotechnology-based systems
and products. Emerging areas such as flexible and robust electronics, where form factors and
survivability under various conditions are more important than traditional computational
performance metrics, have a much broader applicability, conforming to future demands in areas such
as the Internet of Things, cognitive computing, and biosensing. Scalable and resilient technologies
such as printing and transfer will be key here to building large-scale, defect-tolerant architectures
and nanomodular systems on a multitude of platforms.
Electronics have been the major driver behind miniaturization and nanotechnology-enabled science
and applications; in the short term, it is expected that the biggest benefactor of nanotechnology
innovations will be micro- and nanoelectronics. Miniaturization, modularity, massive integration,
and reduced power consumption have been the hallmarks of modern electronics. From low-power
devices to better interconnects to high-sensitivity sensors, nanotechnology promises to have huge
impacts and to fill the void that emerges from the end of the “Moore’s Law” paradigm. As the
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semiconductor industry faces uphill challenges in the fabrication and integration of heterogeneous
materials at sub-10-nanometer dimensions, the nanomodular approach to creating integrated
multifunctional devices will be important for future developments. Several new materials that
include carbon nanotubes, graphene and 2D layers, and organic molecules have been proposed as
alternatives to silicon for future computing, but all of these have had challenges, particularly due to
the difficulties of integrating them with existing CMOS platforms. The latest in this endeavor is the
emergence of 2D atomic layer materials, which is the central case study of this report; new types of
low-power and high-performance devices and sensors are being proposed in this context. In Chapter
4, Michael Stopa and Charlie Johnson take a look at the impact of NMSD in electronics and highlight
several important aspects such as material purity, improved assembly methods, new lithography
techniques, and interface engineering as critical for successful creation of nanomodular systems. In
an annex to Chapter 4, Mark Lundstrom and colleagues describe the computational platform
development and tools envisioned as the center of the “Nano-Engineered Electronic Device
Simulation” (NEEDS) node, which addresses the emerging needs for computation and simulation
and the use of nanotechnology-enabled approaches in electronic device platforms.
The development of nanomaterial-based sensors and energy storage have already benefited from the
use of nanomaterials and could provide the first commercial successes in nanotechnology. In the case
of sensors, the use of nanostructures promises increased sensitivities and detection limits and faster
response times for a variety of sensing species ranging from dangerous chemical agents to
bioanalytes such as glucose in blood. The high surface-to-volume ratio available in nanostructures
such as nanoparticles, nanotubes, and 2D materials allows for much better interfacial interactions,
leading to extremely efficient electron transfer processes that in turn result in better sensitivities.
However, the challenge is oftentimes selectivity, because the high surface area also leads to
difficulties in modifying the surfaces of nanostructures for selective analyte detection. In the past
two decades, many examples have been demonstrated of nanostructure-based chemical, optical,
electrochemical, and biological sensor devices. In the case of energy storage, in particular for battery
and supercapacitor devices, nanostructured materials and engineered nanomaterials could play a
significant role in improving efficiency as well as energy and power density. Once again, the high
surface area present in nanostructures and the nanoporous architectures developed from them could
be advantageous for energy storage. Consistency and cyclic stability can be issues when
nanomaterials are used as part of electrochemical storage devices. In Chapter 5, Ahmed Busnaina
and Charlie Johnson describe examples of nanomodular systems that utilize various nanomaterials,
including carbon nanotubes, graphene, molybdenum disulfide (MoS2), nanoparticles, and nanowires,
for diverse sensing and storage applications.
Theory and modeling efforts are integral parts of NMSD. The development of accurate theoretical
predictions for larger systems is challenging, but there have been strong efforts in the past two
decades to develop multiscale theory that integrates length scales from the atomic to the mesoscale.
In the creation of nanomodular systems, there has to be clear understanding of nanostructures in
terms of their structure–property correlations, but at the same time, there has to be better evaluation
of particle–particle interactions and systems-level performance. The interfaces and junctions
between particles become of utmost importance in predicting properties of heterogeneous systems
created via the assembly of nanostructures. Both dynamic and static evaluation of structure,
interfacial phenomena, optoelectronic properties, chemical reactivity, and dynamic behavior of
systems are important when addressing the transition from nanoscale building blocks to nanomodular
systems. In Chapter 6, Donald Brenner provides a synopsis of the state of the art in modeling and
theory with respect to the design of nanomodular systems. The limitations and challenges that
scientists face in this endeavor are laid out by giving various examples and case studies. Realization
of the importance of theory and predictive modeling has led to large theory-driven initiatives, such
as the U.S. Materials Genome Initiative, which are going to bring translational changes in the
development of nanomodular systems and nanotechnology.
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Executive Summary

In sum, this worldwide study of NMSD exposes the challenges and opportunities of moving from
the first phase of a nanotechnology research and development effort mainly focused on individual
nanostructures to the next phase where interconnected, interfaced, and functional assemblies will be
the central focus. There have been several key achievements and early success stories in the past
decade or so, suggesting that this transition is indeed happening. Large-scale manufacturing of
carbon nanotube–based products, roll-to-roll manufacturing of graphene, and other new approaches
have enabled the successful commercialization of products such as composite materials, battery
electrodes, and transparent conducting films for touch screens and displays. Cables, wires, films,
membranes, etc., are now in late product development stages, enabled by the progress made in
assembling carbon nanostructures in large volume and in controlled arrangements. New paradigms
in electronic devices such as green and low-power tunnel field effect transistors (FETs), sensors, and
photodetectors are being proposed that incorporate carbon nanotubes and 2D materials. And recent
demonstrations suggest that integration of different nanostructures (early prototypes of NMSD)
could lead to the next generation of electronic devices. Emerging technologies such as flexible
electronics and wearable systems that are being enabled by NMSD through well-developed
techniques such as printing and transfer will provide the early success stories for widespread nanoenabled technologies. More challenging technologies such as energy conversion, drug-delivery
systems, and mainstream electronics will also contain elements of nano-assembled components in
the future, in various configurations, introduced via both top-down and bottom-up processes.
How nanotechnology will play a significant role in future technologies is addressed by Michael Stopa
and Ahmed Busnaina in Chapter 7, where they discuss future prospects and trajectories for NMSD
as evidenced in the course of this WTEC study. Oftentimes, forward-looking technologies are
characterized by sudden and unexpected discoveries and breakthroughs that bring paradigm shifts
for technology horizons. Nevertheless, the past few decades of investment and research suggest that
nanotechnology innovations have provided a somewhat broad roadmap for future development. It
can be divided into three phases, the first dealing with analysis and developments of nanoscale
elements, the second dealing with synthesis of multiple components, and the third characterized by
convergence, where system-level architectures can be created and integrated. The evolution of
NMSD has parallels in synthetic chemistry, where ability to analyze atoms and molecules led to
evaluation of chemical reactions and, ultimately, to commercially viable products. The present stage
in nanotechnology is the middle phase, where NMSD is relevant and is precursor to the revolutionary
nanotechnology-based platforms that industry will integrate in the future for multiple applications.
Chapter 7 also looks at parallels between NMSD and the development of the CMOS process, which
served as a precursor to the now-ubiquitous electronics industry. The basic approaches and
challenges of the two might be different—in particular, the fundamental differences between the topdown approach in CMOS and bottom-up approach in NMSD and their timescales for technological
evolution—but certainly the developments in NMSD are going to impact the next generation of
technologies, similar to the ways synthetic chemistry and CMOS have had revolutionary economic
and societal impacts.
In terms of worldwide effort and leadership in NMSD, the United States is still leading the charge,
but both Europe and Asia have caught up significantly in the past decade and will be equal contenders
in the near future. Although product development and commercialization of nanotechnology are at
the core of their long-term vision for many R&D efforts, still, a large fraction of these efforts are
directed to basic science. This is understandable because there remain many intrinsic scientific and
engineering issues associated with NMSD that need solutions. It is clear that the coming decades will
see a strong synergy between basic and applied research in the exciting area of nanomodular
materials and systems by design.
– Pulickel M. Ajayan
Chair, WTEC NMSD Study
September 2016
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1. INTRODUCTION
Pulickel Ajayan

SCOPE OF THE STUDY
This study on the status of international research and development relevant to nanomodular materials
and systems by design (NMSD) is one of a series conducted by the World Technology Evaluation
Center (WTEC) on behalf of the National Science Foundation (NSF) and other Federal agencies.
These studies seek good ideas from abroad, assess the position of U.S. R&D relative to that of leading
organizations abroad, and identify opportunities for international collaborations in broad areas of
science and engineering. The chief aim of the NMSD study was to gather information on status and
trends worldwide in R&D on two- and three-dimensional (2D and 3D) composite nanomaterials,
nanodevices, and nanomodular systems, specifically with a view to assembling them into practical
applications. The NMSD study investigated how scientists around the world are:





Pursuing knowledge in nanoscale building blocks, particularly 2D nanostructures including,
but going beyond, graphene, and including means to combine 2D and 3D nanostructures and
build nanomodular structures and devices.
Designing and building heterogeneous composite nanomodular materials and devices with an
eye to commercial applications and scalable nanomanufacturing.
Designing and building nanosystems using approaches of nanomodular assembly and
fabrication for a wide range of practical applications.
Developing theory, modeling, and simulation platforms to support and predict experimental
research with the long-term goal of building the foundations for the materials genome.

The NMSD study also addressed several broad questions:






How can researchers optimize the building of nanostructured and nanocomposite materials,
nanoscale devices, and systems through modeling and simulation—i.e., “by design” and
through computation? This requires capturing knowledge of system behaviors, interfaces,
dynamic characteristics of non-uniform structures, and optimization methods.
Are researchers able to identify unexpected nanomodular composite materials, devices, and
systems, going beyond combining nanoparticles within a matrix or mixing two materials? Are
self-assembly and bottom-up approaches adequate to build the next generation of
nanotechnology-enabled materials and devices? When will the cross-over from top-down to
bottom-up manufacturing appear in the nanotechnology landscape, or will these co-exist in the
next generation of technologies?
What roles do cutting-edge facilities and instrumentation play in the research advances related
to nanomaterials and nanomodular systems, and how does the U.S. national R&D
infrastructure for nanotechnology compare to that of the rest of the world?

Nanotechnology rose to prominence in the early 1990s with the discovery of fullerenes (Kroto et al.
1985) and carbon nanotubes (Iijima 1991) and several other imaginative research developments
related to the creation and characterization of nanoclusters, nanostructured materials, and
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nanocomposites. The last two decades of intense research in the field and the billions of dollars of
investment have produced a field that is set to transform the next generation of a broad range of
materials and technologies. Yet there are intrinsic challenges, in particular those related to scalable
manufacturing of nanostructures and devices and the engineering of nanostructures to build
nanosystems. The idea of developing a nanomodular approach to building engineered nanosystems
is an exciting direction that seems to provide credibility to the plethora of envisioned nano-enabled
technologies of the future. The goal of this study was to explore this broad direction and investigate
the developments that are taking place in different parts of the world. As a case in point, the emerging
and currently highly active area of 2D materials was chosen as a candidate nanoscale system that
constitutes an important building block in the fabrication of many of the next-generation materials,
devices, and systems.
Currently, graphene is perhaps the best known of the 2D nanomaterials. It has been characterized as
the “rapidly rising star on the horizon of materials science and condensed-matter physics” (Geim and
Novoselov 2007), and for several years it captivated the attention of scientists for its potential as a
disruptive nanomaterial. This single-atom-thick 2D honeycomb lattice of carbon atoms has shown
promise for many applications, including optoelectronics, energy storage, composites, and sensing.
Other multicomposite nanolayered materials also offer a wide variety of options for researchers to
exploit. Yet, despite initial successes in research on multicomposite nanomaterials, commercial
industry applications still face major challenges. For example, a brief look at the rocky history of
carbon nanotube R&D indicates that a research boom coupled with impressive technical performance
is far from a guarantee of commercial success (Davenport 2015), due to challenges like high
manufacturing costs; environmental, health, and safety (EHS) concerns; and competing emerging
technologies that loom large as impediments to commercial success. This study has sought to look at
the overall status of applications-focused nanomodular materials R&D.
ORGANIZATION OF THE STUDY
Several NSF program officers were involved in the organization of this study in 2014: Dr. Mike Roco
(NSF Senior Advisor for Science and Engineering); Dr. Dimitri Pavlidis (Engineering Directorate
[ENG], Division of Electrical, Communications & Cyber Systems [ECCS]), Dr. Sohi Rastegar (NSF
Offices of Emerging Frontiers & Interdisciplinary Activities and of Emerging Frontiers in Research
and Innovation [EFRI]); Dr. Khershed Cooper (ENG, Division of Civil, Mechanical &
Manufacturing Innovation [CMMI]); and Dr. Charles Ying (Directorate for Mathematical and
Physical Sciences [MPS], Division of Materials Research). Among other purposes, their programs
fund research in technologies that can be applied to developing materials, devices, and systems that
can enable new solutions to human problems. An EFRI program serves as an example of the
timeliness of this study. EFRI's annual solicitations are chosen to focus on scientific topics of
strategic importance; in both 2013 and 2104, the chosen EFRI program was Two-Dimensional
Atomic-Layer Research and Engineering (2-DARE). One of the purposes of the NMSD study was
to provide international perspectives in support of 2-DARE, as well as other programs of the
sponsoring NSF offices.
This study used an existing cooperative agreement between the National Science Foundation and the
World Technology Evaluation Center that provides a structure for such international studies. WTEC
asked Dr. Pulickel Ajayan (Rice University) to chair the study, and with his input, recruited an
additional six experts (Table 1.1, next page). A kickoff meeting with the panel and sponsors was held
on October 6, 2014, followed the next day by a baseline workshop where 15 speakers reviewed the
status of relevant U.S. research and development.
WTEC BACKGROUND
The NMSD study was organized on behalf of the sponsors by WTEC, which is a nonprofit research
institute established in Maryland in 1989. With core funding and management from the NSF
Directorate for Engineering, WTEC has conducted over 70 international technology assessments.
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Additional support has come from the National Institutes of Health (NIH), Department of Energy
(DOE), National Institute of Standards and Technology (NIST), National Aeronautics and Space
Administration (NASA), and several agencies of the Department of Defense (DOD). WTEC peerreview panels have assessed international R&D in such technologies as flexible electronics,
simulation-based engineering and science, and systems engineering for renewable energy. The NMSD
study specifically builds on WTEC international R&D studies on nanotechnology, carbon nanotube
applications, catalysis by nanostructured materials, and converging technologies. Information about
WTEC and all of its final reports is available at http://www.wtec.org/.
METHODOLOGY OF THE STUDY
The panel of U.S. experts listed in Table 1.1 conducted the study. The study methodology was to
send the U.S. expert delegation to visit a sample of premier laboratories in Asia and Europe, and also
to organize several workshops in Asia and Europe to gather regional experts together with the U.S.
team to share how they are addressing research issues related to 2D nanomaterials and their
commercialization.
Table 1.1. Panelists
Panelist

Affiliation

Pulickel Ajayan (Chair)

Rice University

Kaustav Banerjee

University of California at Santa Barbara

Donald Brenner

North Carolina State University

Ahmed Busnaina

Northeastern University

Padma Gopalan

University of Wisconsin, Madison

Charlie Johnson

University of Pennsylvania

Michael Stopa

Nantero, Inc.

Baseline information on the U.S. position in R&D was gathered at a workshop held at NSF on
October 7, 2014. WTEC organized study tours of eight laboratories in Asia in March 2015 and four
in Europe in April 2015, and it organized five workshops in Asia and three in Europe as a means to
gather more researchers together than could be seen in individual laboratory visits, due to the limited
time available to the panelists. The sites visited were identified through the expert knowledge of the
panelists, with bibliometric assistance from Grant Lewison of Evalumetrics to identify the premier
institutions contributing to nanomodular materials and systems by design (Appendix D). The
individual sites visited were also determined by geography, availability of hosts, logistics, and
funding; omission of a site does not imply that it was less important than those visited.
Dimitri Pavlidis represented NSF on the Asian study tour. The expert panelists were accompanied
and supported in various parts of their journeys by Patricia Foland and Hassan Ali from WTEC. Ali
organized the Asian itineraries; Clayton Stewart organized the European itineraries.
Asian Study Tours
The delegations for the Asian phase of this study were divided into two groups. The cities and sites
visited by both groups are shown in Figure 1.1 and Table 1.2. Group 1, consisting of Banerjee,
Gopalan, Johnson, Stopa (Japan only), and Busnaina (Korea only), visited Japan and Korea during
March 20–28, 2015. Group 2, consisting of Ajayan (panel chair), Brenner, Banerjee (Singapore
only), and Busnaina (Singapore and Shanghai) visited Singapore and China during March 19–28,
2015. Pavlidis represented NSF and also conducted some independent site visits in Taiwan during
the week prior. Both groups met in Seoul on March 28 to compare notes. Appendix B has site reports
for each site visit and workshop in Asia.
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Figure 1.1. Countries and cities the NMSD panel visited in Asia.
Table 1.2. Sites the Panel Visited in Asia (in order of the visit dates)
Site

Location

Sites Visited in Korea and Japan
Tokyo Institute of Technology (Workshop)

Tokyo, Japan

National Institute for Materials Science (NIMS), International Center for Materials
Nanoarchitectonics (MANA)

Tsukuba, Japan

National Institute of Advanced Industrial Science and Technology (AIST)

Tsukuba, Japan

RIKEN Center for Emergent Matter Science

Tokyo, Japan

Hanyang University (Workshop)

Seoul, Korea

Korea Institute of Science and Technology (KIST) Post‐Silicon Semiconductor Institute

Seoul, Korea

Sites Visited in Singapore and China
National University of Singapore and Nanyang Technological University (Workshop)

Singapore

Fudan University (Workshop)

Shanghai, PRC

Shanghai Institute of Microsystem and Information Technology (SIMIT)

Shanghai, PRC

Suzhou Institute of Nano‐Tech and Nano‐Bionics (SINANO)

Suzhou, PRC

Tsinghua–Foxconn Nanotechnology Research Center

Beijing, PRC

Tsinghua University (Workshop)

Beijing, PRC

Cnano Technology, Ltd. (Nanotube Factory)

Beijing, PRC
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European Study Tour
The European cities and sites visited in the course of the NMSD study are shown in Figure 1.2 and
Table 1.3. The site visits took place during April 24–May 3, 2015. The WTEC delegation consisted
of Ajayan (panel chair), Brenner, Banerjee, and Busnaina. Foland provided staff support.
Appendix C has site reports for each site visit and workshop in Europe.

Figure 1.2. Countries and cities the NMSD panel visited in Europe.
Table 1.3. Sites the Panel Visited in Europe (in order of the visit dates)
Site

Location

École Polytechnique Fédéral de Lausanne (EPFL)

Lausanne, Switzerland

MINATEC and CEA‐LETI (Workshop)

Grenoble, France

Imec (Workshop)

Leuven, Belgium

Trinity College CRANN Institute and AMBER National Centre

Dublin, Ireland

University of Manchester

Manchester, UK

Cambridge University Graphene Center

Cambridge, UK

University College London (Workshop with Imperial College London)

London, UK

Preliminary results of the WTEC panel’s findings were presented in a full-day public workshop in
the boardroom of the National Science Board at the National Science Foundation in Arlington, VA
(USA), on June 2, 2015. In addition to the panelists, Mike Roco, Mark Lundstrom, and
Dr. Gil Vandentop (Executive Director of STARnet; https://src.org/program/starnet/) made
supplementary presentations on topics and sites that the panel did not have time to cover. The full
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agenda of the workshop is available online (WTEC 2015a). The workshop was webcast to make it
available to participants at a distance; it is also archived online (WTEC 2015b).
OVERVIEW OF THE REPORT
In Chapter 2 Gopalan and Ajayan address the emerging science for creating new multifunctional
nanomodular materials and systems. In Chapter 3, Busnaina covers scalable nanomodular and
nanosystems manufacturing. In Chapter 4 Johnson, and Stopa cover nanomodular approaches in
electronics. Chapter 4 also includes an annex by several prominent researchers describing the vision
for NMSD of the Nanoengineered Electronic Device Simulations (NEEDS) program funded by NSF
and the Semiconductor Research Corporation as it pertains to improved design tools, simulation and
prototyping platforms, and understanding of systems of nanomodular components. In Chapter 5,
Busnaina and Johnson cover nanomaterial-based sensors and energy storage applications for NMSD.
In Chapter 6 Brenner and Stopa cover theory, simulation, and modeling in nanomodular systems
design. In Chapter 7, Stopa and Busnaina share the panel’s perspectives on the future prospects for
nanomodular materials and systems by design.
Appendix A contains short biographies of the panelists and the advisory team members. Appendixes
B and C provide the trip reports for the sites and workshops the panel attended in Asia and Europe,
respectively. Appendix D is Dr. Grant Lewison’s bibliometric study of scientific literature on topics
relevant to the study, which was used to help guide the panel in choosing what labs to visit and also
to assess the relative standing of countries in Asia and in Europe compared with the United States.
Appendix E provides a list of the acronyms used in this report.
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2. DIRECTED SELF-ASSEMBLY METHODS FOR CREATING
MULTIFUNCTIONAL NANOMODULAR MATERIALS AND SYSTEMS
Padma Gopalan and Pulickel Ajayan

INTRODUCTION
This chapter focuses on the role of directed self-assembly and other self-assembly methods in
creating truly hierarchical structures. By definition, “hierarchical” implies a multiscale,
multidimensional ordering. With multiscale ordering there are opportunities to build in multiple
functions using nanoscale building blocks, which include both organic and inorganic entities. This
chapter reviews some of the challenges in assembling these nanomodular materials into useful
systems, the state of the art in creating multifunctional nanomodular materials and systems, and R&D
goals for the next decade.
VISION FOR THE NEXT DECADE ON NANOMODULAR MATERIALS AND SYSTEMS
There has been tremendous progress in the creation of nanoscale building blocks over the past couple
of decades. Examples of these building blocks include nanoparticles of various compositions,
including metal, ceramic, and semiconductor; carbon-based nanostructures (fullerenes, nanotubes,
and graphene); 2D atomic layers; organic nanostructures such as polymer nanoparticles; and
biological macromolecules. There has been tremendous progress in the top-down fabrication
approaches (particularly driven by semiconductor manufacturing technologies) where sub-50-nm
structures can easily be created via lithography and integrated into complex architectures. The topdown approach, however, has limitations, and for <10 nm features, this approach becomes very
challenging. Alternative approaches based on bottom-up assembly of nanoscale building blocks rely
so far on self-assembly approaches, where controlling the defect density over large areas has been
difficult.
This chapter discusses the fundamental goals for self-assembly of nanomaterials and what can and
cannot be accomplished by this approach with the present state of knowledge. Broadly speaking,
there could be some synergy between the top-down and bottom-up approaches (see Chapter 3), and
the next decade or so will see the integration of these two in building nanomodular materials and
systems. One can envision that the nanotechnology-enabled applications of the future will have
architectures assembled from nanostructures interconnected (or interfaced) using top-down
techniques to make multifunctional nanosystems. The challenge will be in developing compatible
assembly and fabrication methods that can be integrated using scalable manufacturing processes; the
lab-to-fab concept will be particularly tested when the integration involves issues related to multiple
length scales, materials, chemistries, defects, and stability.
ADVANCES IN THE LAST DECADE AND CURRENT STATUS
Advances in Designing Nanomodules
Most macroscopic structures seen in nature are highly complex composites that consist of both
organic and inorganic elements. These structures have been incredibly difficult to mimic because the
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precision needed at the nanometer length scale to assemble the macroscopic structures has been
lacking. This precision is important because, ultimately, the end function is defined by the structure
of the hierarchically assembled nanoscale elements. For example, the iridescent blue in butterfly
wings (Vertesy et al. 2006); the ability of photosynthetic systems to store energy (Tachibana,
Vayssieres, and Durrant 2013); the process of visual recognition (Ritter, Elgeti, and Bartl 2008); the
incredible mechanical strength in abalone shells (Chen et al. 2008); and the antifouling properties of
shark skin (Dean and Bhushan 2010) all owe these distinguishing properties to the structure and order
of nanoscale elements.
In the last decade or so, rapid advances have been made in expanding the materials toolbox for
creating complex structures starting at the nanoscale. The toolbox consists of nanoscale onedimensional, two-dimensional, and zero-dimensional (1D, 2D, and 0D) elements, as well as a range
of organic materials. Examples of nanoscale elements include quantum dots, nanotubes, graphene
and other 2D materials, polymers, and small molecules, as well as biological building blocks such as
DNA, proteins, and peptides. Much of the work in the synthesis of these materials has involved
reducing the heterogeneity in the properties due to size, shape, or chirality; expanding the range of
2D materials available; and controlling the primary, secondary, and tertiary structures of synthetic
macromolecules. Likewise, characterization methods have rapidly evolved from advances in Raman
spectroscopy, to x-ray photoelectron spectroscopy (XPS) on soft materials, to a range of highresolution microscopy tools.
Discovering new nanoscale elements to add to the materials toolbox is a valuable, ongoing
fundamental research effort that is likely to continue. However, concurrent with the materials
discovery effort, it is critical to learn the assembly rules and develop large-area assembly techniques
to create nanomodular material systems. Traditionally, methods such as self-assembled monolayer
formation (Delamarche et al. 1996); Langmuir-Blodgett assembly (Ariga et al. 2013); evaporative
self-assembly (Sharma, Park, and Srinivasarao 2009); and liquid-crystal-mediated assembly
(Moreno-Razo et al. 2012) were developed to bring ordering of building blocks at air–liquid or air–
substrate interfaces. These ordered interfaces have been integrated at the systems level in organic
field-effect transistors, drug delivery systems, and dye-sensitized solar cells, to name a few
applications.
Bottom-up self-assembly methods such as directed self-assembly (DSA) of block copolymer
materials (Morris 2015) and their combination with top-down methods have afforded control at the
sub-20-nm length scale on placement (Yang et al. 2010), ordering, morphology, and registration of
features to the underlying substrate (Craig and Nealey 2007). In addition to the thermodynamic
driving forces inherent to the materials, other external fields such as the chemistry and topography
of the substrates, magnetic fields, electric fields, shear fields, and solvo-thermal effects can be
leveraged to drive multiscale self-assembly. There have been a number of recent advances in creating
functional architectures using DSA of block copolymer materials, several of which are highlighted
below.
Advances in Creating Nanomodular Devices and Systems by DSA Methods
Directed self-assembly has emerged as a powerful tool to realize sub-20-nm features over large areas
using materials and methods that are less expensive than serial patterning processes such as e-beam
lithography. Fundamental research at universities and translational research with industrial partners
have already led to breakthrough demonstrations of new device architectures that leverage material
properties at the nanoscale. These advances have resulted from more than a decade of work on
understanding the assembly rules in bulk materials and translating them into thin films; acquiring
ability to make arbitrary shapes and features; controlling assembly of few-nanometer-thick films up
to millimeter-thick films; and developing new enabling chemistries, new block copolymers (BCPs)
to shrink dimensions, and processes for implementing BCP lithography in a rapid scalable manner.
These advances led in 2009 to the inclusion of DSA as one of the potential solutions for sub-20-nm
nodes in that year’s semiconductor road map (Hoefflinger 2011).
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Examples of advances in directed self-assembly include the first full disc demonstration of bitpatterned media by Nealey and colleagues (Wan et al. 2012), in collaboration with industrial partner
HGST, to combine directed assembly of block copolymers with nanoimprint lithography to generate
templates with rectangular patterns through an original double imprint process (Figure 2.1). An aerial
density of 0.58 Tdot/in2 was achieved in this very first demonstration. Formation of a dense periodic
array of stacked III-V semiconductor ideal quantum dots (QDs; Kuech and Mawst 2010) can lead to
full 3D carrier confinement, due to mononodal QD size distribution, QD diameter of ~20 nm, and a
high QD density of ~6x1010 cm-2. Optical properties can be targeted, for example, in InGaAs QDs on
GaAs for a  ∼ 1.1 μm and in InP for a  ∼ 1.5 μm. A whole range of functional materials and devices
have resulted from the DSA-based approach, ranging from plasmonics (Caprettia et al. 2013), to finshaped field-effect transistors (finFETs) (Hobbs, Petkov, and Holmes 2012), to nano–bio interfaces,
anti-reflective coatings, and graphene electronics (Safron et al. 2012).

Figure 2.1. The left-side image shows the overview schematic of the fabrication of nanoimprint templates
with rectangular patterns using directed assembly with block copolymers and double
nanoimprints (Wan et al. 2102). The right-side schematic shows diblock copolymer lithography
and transfer to a dielectric mask for subsequent growth of semiconductor nanostructures (i.e.,
QDs) (Kuech and Mawst 2010).

The Role of DSA in Nanomodular Systems Based on Nanocarbon Building Blocks
In the world of 2D materials, the discovery of graphene has accelerated the discovery of other 2D
materials. However, much of the initial promise of graphene has yet to be realized. One of the
primary reasons is the lack of a natural band gap in graphene. It has been theoretically predicted that
by creating nanoribbons or nanoperforated forms of graphene, a band gap close to that of silicon can
be opened up. Nevertheless, experimental top-down patterning (Kim et al. 2010) using DSA-based
templates has resulted in degradation in mobility due to edge roughness and other defects introduced
by the process, and at best, modest band gaps of ~0.1 eV. Hence, simultaneous edge-refining
methods based on bottom-up approaches and high-temperature annealing on relevant semiconductors
are needed. The growth of graphene itself from catalytic substrates such as copper to relevant
semiconductors such as germanium (Ge) is likely to have a significant impact on progress in this
field (Lee et al. 2014).
Whereas the challenges with graphene have been related to a lack of band gap, single-walled carbon
nanotubes (SWCNTs) have a tunable band gap and exceptional electronic properties that enable a
multitude of semiconducting device applications, including field-effect transistors (FETs) (Tans,
Verschueren, and Dekker 1998), photovoltaics (Kymakis and Amaratunga 2002), and gas sensors
(Goldoni et al. 2003). However, there are two main challenges that have limited the integration of
SWCNTs into nanomodular architectures so far:
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•

Separation of the desirable semiconducting SWCNTs from as-synthesized electronically
heterogeneous mixtures of metallic (m-) and semiconducting (s-)SWCNTs

•

Hierarchical organization of these building blocks into assemblies and, ultimately, into useful
devices

The first challenge has been addressed to some extent with the development of a number of sorting
techniques, including DNA separation (Zheng et al. 2003); density gradient ultracentrifugation
(Arnold et al. 2006); surfactant-assisted purification (Engel et al. 2008); chromatography (Liu et al.
2011); and polymer wrapping (Nish et al. 2007). However, the purification of SWCNT from
heterogeneous mixtures with “complete monodispersity” remains a challenge. The second challenge
is just beginning to be addressed where self-assembly and directed-assembly techniques still have a
major role to play. Ordered structures are necessary because random network SWCNTs in thin films
result in reduced channel conductance and mobility.
In order to take advantage of the high purity of semiconducting (s-)SWCNTs that can be produced
by solution-based sorting approaches in semiconductor electronic devices, various solution-based
methods have been developed for assembling and aligning s-SWCNTs. These include evaporationdriven self-assembly (Shastry et al. 2013; Druzhinina, Hoeppener, and Schubert 2011); blownbubble assembly (Yu, Cao, and Lieber 2007); gas flow self-assembly (Wu et al. 2013); spin-coating
(LeMieux et al. 2008); Langmuir-Blodgett and Langmuir-Shafer methods (Cao et al. 2013; Jia et al.
2008); contact-printing assembly (Liu et al. 2010); and AC electrophoresis (Shekhar, Stokes, and
Khondaker 2011). Although each of these methods has its strengths, in order to enable the fabrication
of practical s-SWCNT electronic devices, better control is needed on the wafer scale of the placement
of s-SWCNTs, the type and functionalization of SWCNTs deposited, and their degree of alignment,
density, and purity.
A recent iteration of an evaporative self-assembly method was developed by Joo et al. (2014) (Figure
2.2) where well-aligned arrays of high purity (>99.9%) electronic type-sorted semiconducting singlewalled carbon nanotubes (s-CNTs) were fabricated.

Figure 2.2. Fabrication of thin films of aligned semiconducting single-walled nanotubes (s-SWCNTs)
driven by the spreading and evaporation of controlled doses of organic solvent at the air–water
interface. The bottom panel shows the scanning electron microscope (SEM) image of the
aligned s-SWCNT transistor. Scale bar is 2 μm. (Joo et al. 2014).
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This method, called floating evaporative self-assembly (FESA), exploits the spreading of chloroform
at the air–water interface of a trough. The uniqueness of this approach lies in the ability to control
the width of the stripes, the placement of the stripes, and the density of the tubes within the stripes
in a rational manner starting from an organic solution of presorted s-SWCNTs. This method has
resulted in FETs with some of the highest reported values of on/off ratio and conductance from an
aligned array of s-SWCNTs (Brady et al. 2014).
Field-Driven Assembly of Organic Building Blocks
External fields such as magnetic fields have been used effectively with polymerizable mesogenic
units to create membranes with pore sizes down to 1 nm (Feng et al. 2014; Figure 2.3). These
channels are ionic nanochannels that utilize the magnetic anisotropy of the amphiphile to control the
alignment of these pores. Ordering all the way from the nanometer length scale up to the submicron
scale and beyond has been demonstrated by this approach to create robust films. Hence, in addition
to surface fields (chemical and graphoepitaxial), which are often confined to two dimensions,
magnetic fields offer flexibility in ordering structures in the z direction to create mesoscale materials.
Although there are some fundamental limits to the length scale accessible with macromolecular selfassembly, applying some of the assembly rules learned from the DSA of macromolecules to small
molecules such as mesogenic units can further shrink the length scales that are achievable.

Figure 2.3. Schematic representation of assembly of the mesogenic units into a large-area membrane with a
representative transmission electron microscopy (TEM) image demonstrating large-area, highly
ordered hexagonal nanostructures of the cross-linked liquid crystalline phase (Feng et al. 2014).

Similarly, electrospray deposition techniques have been developed (Hu et al. 2015) where deposition
of sub-attoliter quantities of material provides additional solvo-thermal driving forces as well as
epitaxial-like growth upon deposition on a substrate. These methods have also shown great promise
for creating truly complex multifunctional mesoscopic materials and their integration into devices.
A comparable method pioneered by Onses et al. (2013; Figure 2.4) uses electrohydrodynamicsdriven self-assembly (Onses et al. 2014; Lee et al. 2012) of soft material patterns to create complex
geometries at multiple length scales. These emerging new DSA methods can speed up a process that
is traditionally regarded as purely thermodynamically driven to one that combines
thermodynamically and kinetically controlled processes. These combined processes can also better
accommodate the complexity of mesoscale materials and systems.
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Figure 2.4. Left-side images show a schematic illustration of the process for high-resolution jet printing of
PS-b-PMMA through fine nozzles by the action of electrohydrodynamic forces, and SEM
images of the resulting complex images at submicron and micron length scales; Right-side
images show the process of electrospray deposition of block copolymer with corresponding
SEM images of the aligned films (Onses et al. 2015; Hu et al. 2015).

GOALS FOR THE NEXT DECADE
Goal 1: Directed Self-Assembly Methods for Large-Area Multidimensional Structures
The current directed self-assembly methodologies have shown tremendous promise in controlling
order, placement, and resolution of features in thin films, mainly at a single length scale and
predominantly with one or two nanomaterials at a time. Much of the directed self-assembly field has
been catalyzed by the needs of the microelectronics industry, which are much more stringent than
what are needed for other functional architectures. However, extension of this order over multiple
length scales to create truly hierarchical macroscopic systems is still a challenge. Hence, focusing on
self-assembly methods for constructing large-area multidimensional complex structures that
incorporate both organic (small molecules, macromolecules, and biomacromolecules) and inorganic
nano-elements in a scalable manner can have a transformational impact on the field. Targeting
nanomodular systems that go beyond the current focus on microelectronics to include sensors as well
as bio-inspired materials design (structural, optical, metamaterials, and biophotonics) can be
beneficial.
Multidimensional directed self-assembly will have to combine a number of driving forces—such as
surface patterning with external fields compatible with inherent material properties, and multiple
functionalities and material types present in one system—to reach the level of complexity required
to mimic certain functions and permit ventures into self-assembly under non-equilibrium conditions
or driven systems.
Goal 2: Databases for High-Quality Data Regarding Self-Assembling Systems
To facilitate Goal 1, parallel efforts are required in designing, populating, and effectively using
databases to aid discovery and design of self-assembling systems. Although there are analogous
existing databases on material structures and properties, none exist on self-assembling systems.
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Ongoing challenges are theoretical developments beyond self-consistent field theory (SCFT) that
incorporate fluctuation effects and are capable of a priori prediction of structure, and development
of realistic computer simulation techniques at relevant molecular weights and system sizes. An
emerging challenge for accommodating the complexity of these nanomodular material systems is
unification of concepts that describe self-assembly in soft materials and ordering in hard materials.
R&D STRATEGIES
Strategies for future R&D in directed self-assembly and self-assembly methods for creating
nanomodular structures should be based on addressing inverse problems. Knowing what to build and
how to build to achieve the desired combinations of structure and function are complex problems
that require a multidisciplinary approach. The outstanding challenges in energy, water filtration and
desalination systems, and structural composites, for example, require a combination of soft and hard
building blocks, multidimensionality, and multiple functions all incorporated using a practical,
scalable approach. Most of these challenges would benefit from close collaboration between
academia, the national laboratories, and industry.
R&D IMPACT ON SOCIETY
A significant body of research based on self-assembly will impact technologies that benefit society.
Energy, environment, biomedicine, etc., are areas that will be directly impacted. In these
technologies, atomic precision is mostly not needed, and hence, the impact of defects and the
variabilities found in the assembled nanostructures might be tolerated. A significant body of work
already exists that connects biological systems and nanostructures via self-assembled architectures,
and the impact of these in medicine could be high. For electronics and related technologies, where
the precise placement of nanostructures in the assembled architectures is important, it might take
more time to fully realize the commercial potential of DSA. Bottom-up assembly is nature’s favorite
approach to building systems; the biomimetic approaches have remained an example for researchers
to find the next paradigms in our technologies. It is clear that this new approach will leave a mark in
the years to come, in particular in nanomodular systems-based technologies.
CONCLUSIONS AND PRIORITIES
In general, great progress has been made in understanding the basic concepts of self-assembly, and
new approaches discovered in laboratories have enabled large-area assembly of nanomaterials with
high precision. However, self-assembly introduces defects into architectures at much higher densities
compared to large-area, top-down methods of fabrication. The variability produced in self-assembled
structures needs to be taken into account, perhaps through more sophisticated models and corrections
to the output response, in order to integrate such nanomodular structures into large-scale systems.
Self-assembly is a powerful technique that nature has used in building mesoscale structures, but for
synthetic macromolecules, the structure-directing abilities are still limited. The priorities in this field
should be in better understanding the self-assembly process and the nature of the architectures
produced and how the functional variabilities can be correlated to the domain size and defect
structure in the nanomodular assemblies. This is going to be a challenging task, but if the ultimate
goal of nanotechnology is to be realized (i.e., manufacturing with atoms and molecules), then selfassembly, bottom-up, and top-down approaches all are going to be an integral part of the mission.
INTERNATIONAL PERSPECTIVES
The directed self-assembly community in South Korea is especially active in using soft lithography
strategies for graphene electronics. Although much of this research is conducted by Korean
universities, their partnerships with companies such as Samsung have certainly propelled the field.
For example, in an effort led by researchers at KAIST, graphene quantum dots have been fabricated
using block copolymer lithography on chemical vapor deposition (CVD)-grown graphene down to
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10 nm over large areas, and the photoluminescence properties have been tuned in a size-dependent
manner (Lee et al. 2012; Son et al. 2013). Similarly, there are efforts, notably from the Pohang
University of Science and Technology (POSTECH) and Korea Institute of Science and Technology
(KIST) to pattern graphene down to 20 nm or below to create nanoribbon arrays or nanoperforated
forms of graphene (Son et al. 2013; Xu et al. 2014). In an effort at KAIST, one such array of graphene
nanoribbons was transferred onto a flexible substrate for integration into devices (Kim et al. 2013).
Despite these efforts, the problems of edge defects, roughness, doping, degradation in mobility, and
insufficient band gap are still unresolved. The molecular precursor route of growth of graphene
nanoribbons developed by Mullen and colleagues (Cai et al. 2010) is quite attractive because perfect
zig-zag edges can be achieved with very high mobilities. However, the length of the ribbons is still
limited kinetically by the growth process. Hence, further research into this area, along with lessons
learned from the DSA community, might be valuable. Although the semiconducting form of
graphene still needs to be developed in order for device-level integration to be practical, micron-size
patterned graphene (Choi et al. 2015; Figure 2.5) is rapidly evolving.

Figure 2.5. Top panel: (a) Schematic illustration of roll-to-roll continuous patterning and transfer (Choi et
al. 2015); (b) Calculations of surface energy and adhesion forces with single-layered graphene
from the contact angle measurements (Choi et al. 2015). Bottom panel: fabrication of sub-10-nm
graphene nanoribbon array FETs by block copolymer lithography (Son et al. 2013).
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Micropatterned graphene is being explored by Samsung, Sungkyunkwan University (SKKU), and
Seoul National University (SNU) for transparent conductor applications. A number of reports have
emerged in the last five years that show progress in clean transfer, roll-to-roll processing, patterning,
and transfer of graphene using soft lithography tools. KIST researchers have pioneered
hydrodynamic assembly of conducting nanomesh using biological glue (Figure 2.6; Lee et al. 2015),
which uses biological concepts such as phage engineering to build affinity for SWCNTs. These
nanomeshes have been integrated into several products: LEDs with 200,000-cycle lifetimes that stay
conductive and flexible, pressure sensors, tactile sensors, glucose sensors, and neural probes.

Figure 2.6. Schematic illustrations of hydrodynamic assembly of conductive nanomesh using biological
glue: (a) Concentration profiles of penetrating and retained components illustrating the concept
of concentration polarization; (b) SWNTs (≈1.4 nm in diameter, ≈1 μm in length) used in this
study and the biological template material, p8GB#1 M13 phage clone with a strong binding
affinity toward SWNTs; (c) Body surface protein sequence of the amino-terminus of the
p8GB#1 and its hydrophobicity plot, based on the Kyte–Doolittle scale; (d) Illustration of the
hydrodynamic assembly process; (e) Photograph of a large-scale freestanding conductive
nanomesh in water after removing the dialysis membrane. The scale bar indicates 4 cm. The
thickness of the nanomesh is about 100 nm. (Lee et al. 2015)
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With the advent of liquid exfoliation methods, there is a plethora of emerging 2D materials ranging
from layered double hydroxides (LDHs) and oxides to perovskites. For example, at Trinity College
Dublin’s Centre for Research on Adaptive Nanostructures and Nanodevices (CRANN), a number of
new 2D materials have been discovered, based on Coleman’s liquid exfoliation method (Paton et al.
2014). Likewise, researchers at Japan’s National Institute for Materials Science (NIMS) have used
liquid-exfoliated oxides for capacitors (Kim et al. 2014). However, the assembly of these twodimensional materials has still not been demonstrated in terms of order and placement over large
areas. All initial demonstrations have been based on Langmuir-Blodgett-type methods, which are not
inherently scalable. Here again, large-area liquid–air-type assembly techniques driven by external
fields have a critical role to play in future integration of these nanoscale elements into nanomodular
materials and systems.
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3. SCALABLE NANOMODULAR AND NANOSYSTEMS MANUFACTURING
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INTRODUCTION
The first seeds of nanomanufacturing started in 1981 with the idea of imaging surfaces at the
nanoscale using a simple probing technology, scanning tunneling microscopy (STM). STM allowed
scientists to probe individual atoms down to resolutions of 0.1 nm lateral and 0.01 nm in depth. This
was followed by an even more capable imaging technique in 1986, atomic force microscopy (AFM)
that allowed the imaging of nanoscale features on any surface, conductive or insulating. This was
followed in 1989 by the first demonstration, by Eigler and Schweizer (1990), to manipulate
individual atoms at the nanoscale using a scanning tunneling microscope. The STM was invented at
IBM Research in Zurich by Gerd Binnig and Heinrich Rohrer (1986). Eigler and Schweizer showed
the arrangement of 35 individual xenon atoms on a nickel surface to spell out the IBM logo. This
was shortly followed by the apparent discovery of carbon nanotubes by Sumio Iijima (1991),
although it turned out later that carbon nanotubes were reported in the literature as far back as 1952.
However, Iijima’s discovery generated much excitement due to the unique and superior properties
of carbon nanotubes, and it can be credited with inspiring the many scientists now studying
applications of carbon nanotubes. This was followed by many approaches using similar techniques
to manipulate carbon nanotubes or other nanoscale building blocks. Although techniques such as
STM and AFM are not scalable for the nanomanufacturing of devices and various other
nanotechnology-enabled applications, they opened the door for nanomanufacturing by
demonstrating the ability of nanoscale elements to be manipulated.
This chapter focuses on nanomanufacturing using nanomodular materials to build nanosystems and
applications. It covers so-called “top-down” techniques (such as thin film deposition) and combined
top-down and “bottom-up” (such as self- and directed assembly) nanomanufacturing approaches.
Bottom-up techniques are also covered in Chapter 2.
VISION
Changes in the Vision over the Past Decade
Many techniques have been investigated to make nanomodular structures and nanosystem
components. These techniques include top-down techniques such as using nanomaterials as films in
systems where the rest of the processes for making devices utilize conventional fabrication
techniques (Stopa and Rueckes 2016; Sarkar et al. 2015); bottom-up techniques such as selfassembly driven by chemistry or other nonexternal forces; and combined top-down and bottom-up
nanomanufacturing approaches such as using templates, patterned surface functionalization or
external forces to direct the assembly of nanomodular materials.
Although significant investment and progress have been made in nanotechnology over the last
decade, integration of new nanomaterials and nanoprocesses into product manufacture remains
disappointingly slow. Commercial electronic device manufacturing is still mostly top-down,
vacuum-based, and expensive. Many contemporary nanoscale devices do not yet incorporate actual
nanomaterials (nanotubes, quantum dots, nanoparticles, etc.) and thus fail to realize the muchanticipated benefits to be gained from harnessing their unique properties.

20

3. Scalable Nanomodular and Nanosystems Manufacturing

Over the last decade or so, there has been a paradigm shift in the manufacturing of low-end electronic
devices and other nanomaterials-based devices, away from conventional fabrication processes and
toward printing technologies. Inkjet, screen-printing, and gravure printing are technologies that are
commercially used for printing electronics, flexible displays, and RFID tags (only the RFID antennas
are printed; the chips are made using conventional fabrication). Current printed electronics (about a
$50 billion industry) offer significant savings over similar conventional silicon-based electronics.
For example, the cost of a printed integrated sensor-plus-digital readout device is one-tenth to onehundredth the cost of current silicon-based systems. However, the smallest features that can be
printed using inkjets today are about 20 μm. Although this is still sufficient for many applications,
its scale leaves it far behind today’s silicon electronics; in fact, the last time silicon devices had a
20 μm line width was in 1975 (Kingon, Maria, and Streiffer 2000).
The next generation of printed devices requires a technology leap to print features at today’s silicon
electronics line width, which is 20 nm or less—some 1000 times smaller than current inkjet
capability. There is a need for a nanoscale high-throughput printing technology that is high rate, that
can utilize a variety of nanomodular materials, and that is capable of printing heterogeneous
structures.
The Vision for the Next Decade
Going forward, the vision for scalable nanomodular and nanosystems manufacturing is to enable the
making of nanosystems with nanoscale features and functionality using a variety of nanomaterials
such as 0D nanomaterials (e.g., conductive, semiconducting, or insulating nanoparticles); 1D
nanomaterials (e.g., carbon nanotubes or nanowires); 2D nanomaterials (e.g., molybdenum disulfide
[MoS2], graphene, etc.) over a variety of flexible or rigid substrates.

Figure 3.1. A nanosystem with nanoscale features and functionality using nanomodular materials.
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Such a system would include a variety of nanomodular materials such as shown above in Figure 3.1.
Such a capability could be used to create ultralow-power, low-cost electronics or ultrasensitive and
low-power biological and chemical sensors to realize the true potential of the Internet of Things
(IoT). These nanosystems would be nanomanufactured using a variety of processes, including
printing, directed assembly using convective assembly, fluidic assembly, magnetic assembly, or selfassembly, electrophoresis, dielectrophoresis, as well as many other techniques that are used to control
and direct assembly at the nanoscale.
ADVANCES IN THE LAST DECADE IN NMSD
There has been significant progress in nanomaterials systems toward realizing the vision of
nanomodular materials and systems by design (NMSD). For example, there has been progress in
making nanostructures using directed assembly of a variety of nanomaterials down to 20 nm line
width. There has also been integration of top-down and bottom-up techniques in either directed
assembly or by combining top-down (vapor-based deposition) and transfer or assembly to fabricate
nanosystems using one type of nanomaterial. There have been many different bio–nano building
blocks and interfaces utilized for directed assembly, such as using viruses. In addition, there has been
significant progress in constitutive modeling and simulation (see also Chapter 6) to understand the
interactions between different nanoscale building blocks and systems.
Examples of some of the recent breakthroughs are directed assembly of solution-prepared
nanoparticles, small-molecule polymer advanced electronic materials, organic/inorganic hybrid
materials, directed assembly on flexible and hard substrates in less than few minutes, extensive
computational techniques developed for integrating properties at multiple length scales, nanoscale
printing on flexible substrates using reusable templates, and printing a variety of materials (0D, 1D,
and 2D materials, polymers, and organic semiconductors) with interconnected layers.
Specifically in nanomanufacturing, there has been progress towards nanomanufacturing systems
using nanomaterials by two National Science Foundation (NSF) Nanoscale Science and Engineering
Centers: the Center for High-rate Nanomanufacturing (CHN) at Northeastern University and the
Center for Hierarchical nanoManufacturing (CHM) at the University of Massachusetts, Amherst,
where scalable nanomanufacturing and production equipment prototypes have been demonstrated.
CHN developed the first fully automated multiscale, multilayer Nano Offset Printing process
(NanoOPS pilot line) with nanoscale features, registration, and alignment for printing wearable
flexible electronics, sensors, and energy applications. CHM has made a roll-to-roll printing process
that utilizes block-copolymer–based directed assembly for printing on flexible substrates.
CURRENT STATUS OF KEY NANOMANUFACTURING METHODS
Top-Down Manufacturing Approaches Using Nanomodular Materials
Over the past 10–15 years, there have been many successful top-down efforts to make nanomodular
structures and nanosystem components, and these have been the overall standard, although hampered
by various limitations in terms of processing speed, feature size, cost, etc. These techniques involve
using nanomodular materials as a film (grown or transferred) in a system where the rest of processes
for making the device utilize conventional fabrication techniques.
Regan et al. (2010) developed a direct transfer method (polymer-free) of layer-area graphene from
metal growth substrates (such as copper, Cu) to selected target substrates. The method avoids wet
chemical steps and the resulting mechanical stresses associated with it. De Arco et al. (2009)
synthesized and transferred single- and multilayer graphene over large areas via nickel etching. Fieldeffect transistors (FETs) were made by transferring the graphene films onto silicon and silicon oxide
(Si/SiO2) substrates. Lee, Bae, et al. (2010) developed a process for wafer-scale graphene films as
large as 3-inch wafer size on nickel (Ni) and Cu films under ambient pressure and transferred them
onto arbitrary substrates by etching of the metal films. Kim et al. (2013) developed a process for
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exfoliating and transferring one- or two-monolayer graphene films grown on silicon carbide (SiC)
using the stress induced with a Ni film; excess graphene is removed using a second exfoliation
process with a gold (Au) film, yielding a continuous and single-oriented monolayer graphene film.
Top-down and Bottom-Up Techniques: Direct Assembly and Printing
Combined top-down and bottom-up assembly of nanomaterials has been used to make functional and
novel nanostructures that enable superior device performance and miniaturization in electronics,
optics, energy, and biotechnology applications (Lee et al. 2006; Kaminker et al. 2010; Lee et al.
2010; Ko et al. 2009). The assembly in many cases is conducted directly on the substrate of interest
(e.g., convective, fluidic, and magnetic assembly processes). However, in other cases, the assembly
is conducted on a reusable template, followed by a transfer process onto the substrate or surface of
interest, where each template can form a layer of a circuit or a device (Cho et al. 2015). However,
barriers such as scalability, speed, yield, reliability, adaptability, and integration of different
components remain. Although a few of these barriers have been addressed by some newly developed
assembly techniques, all of these barriers need to be fully addressed to compete with existing topdown processes.
Convective Assembly
Convective assembly utilizes evaporation and capillary force to direct the assembly of nano-elements
such as nanoparticles (suspended in a thin layer over a surface) on either a patterned surface or a
nonpatterned surface (in case of assembling a nanoscale thin film). Wolf and colleagues showed a
single particle at a 50 nm resolution by printing using convective assembly on a patterned surface
(Kraus et al. 2007). The assembled particles were then transferred onto a recipient substrate
(Malaquin et al. 2007; Kraus et al. 2005). Figure 3.2 shows the schematic of the convective assembly
process in Figure 3.2(a) and the assembled particles on the patterned surface in Figure 3.2(b).

Figure 3.2. (a) Convective assembly mechanism on the patterned surface; (b) SEM images of 500 nm
polystyrene (PS) particles assembly on the patterned polydimethylsiloxane (PDMS) template
(Kraus et al. 2007).

Avouris and colleagues demonstrated that aligned nanotubes can be obtained through evaporation
assembly for electronic applications (Engel et al. 2008). Figure 3.3 shows the “slip-stick” mechanism
of convective assembly for carbon nanotubes (CNT) and an SEM image of aligned CNTs on the
substrate. In addition, various types of materials besides nanoparticles and CNTs have been
assembled by convective assembly, including ferritin protein, inverse opal structure (Kuncicky et al.
2007; Kuncicky et al. 2005).
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Figure 3.3. Cross-sectional schematic illustrating the slip-stick mechanism responsible for self-assembly of
the superlattice of single-walled carbon nanotubes (SWCNTs) and a SEM image of aligned
CNTs (Engel et al. 2008).

Fluidic Assembly
Template-guided fluidic assembly has been used to assemble nanomaterials to fabricate desired
nanoscale architectures (Maury et al. 2005). Fluidic assembly processes, where capillary force is the
dominant assembly mechanism that is strongly influenced by evaporation, are amenable to variety
of nanomaterials, as shown in Figure 3.4 (Maury et al. 2005; Jaber-Ansari et al. 2008; Cui et al. 2004;
Xiong, Jaber-Ansari, et al. 2008). Template-guided fluidic assembly is similar to convective
assembly on a patterned template; however, unlike convective assembly that utilizes two plates to
generate the meniscus and capillary force to assemble the nanomaterials, fluidic assembly can be
performed by pulling a patterned template out from the suspension of nanomaterials (similar to a
typical dip-coating process). The assembly efficiency of template-guided fluidic assembly is strongly
dependent on the surface energy of the template. Jung and colleagues investigated the effect of
surface energy on the assembly results of single-walled nanotubes (SWNTs) using fluidic assembly
(Jaber-Ansari et al. 2008). They used oxygen plasma to create the hydroxyl group to increase the
surface energy of SiO2, resulting in a high efficiency of assembly. The process yields precise and
highly dense assembly results, but the pulling speed of the substrate is very slow at 0.05 mm/min–
0.2 mm/min, resulting in an assembly time of six hours to assemble nanomaterials on a 3-inch wafer
(Xiong, Jaber-Ansari, et al. 2007).

Figure 3.4. Typical examples of assembly using fluidic assembly: (a) SEM images of assembled Au
particles (Maury et al. 2005); (b) SEM image of assembled SWNTs on the trenches
(Jaber-Ansari et al. 2008).
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Inkjet and Gravure Printing
Printing is a process of controlled deposition of nanomaterials on either a rigid or a flexible substrate.
Inkjet printing has been used for 3D printing and printing of electronic devices. Both organic and/or
inorganic electronic materials have been used in printed devices. The inkjet approach is a noncontact,
direct-write, maskless approach. Figure 3.5(a) shows a schematic of a typical inkjet printing system
and results of printed SWNTs (Ha et al. 2010). Many applications have been reported that use inkjet
printing technology, such as transistors, light-emitting devices, solar cells, and memory/magnetic
storage (e.g., Sekitani et al. 2008; Sele et al. 2005; Tseng, Lin, and Wang 2006; Tekin et al. 2006;
Shaheen et al. 2001; Voit et al. 2003).

Figure 3.5. (a) Schematic of inkjet printing system, an atomic force microscope (AFM) image of printed
SWNTs and a micrograph of the device (Ha et al. 2010). (b) Illustration of the gravure printing
process for fabricating flexible thin-film transistors (Noh et al. 2011).

Another printing approach is gravure printing techniques, which are used for large-scale and highrate processes. Figure 3.5(b) illustrates a gravure printing process and its system (Noh et al. 2011).
Although these two approaches, inkjet printing and gravure printing, are useful for mass production,
they have limitations in scalability for inkjet printing and limitations to achieving resolutions below
1000 nm for both inkjet and gravure printing approaches.
Dielectrophoretic Assembly
Dielectrophoretic (DEP) assembly, which utilizes external forces such as electric force, has been
explored for nanomaterial assembly. Electric field–assisted assembly can be categorized into two
main techniques by the type of current source: dielectrophoresis, which uses AC field, and
electrophoresis, which uses DC field.
DEP is generated when a polarizable particle is suspended in a non-uniform electric field. Polarized
particles or tubes form a structure along the electric field line. Results by Wang and Gates (2009)
demonstrated nanowire assembly over one centimeter distance using high-aspect-ratio nanowire.
Also, Shekhar, Stokes, and Khondaker (2011) demonstrated ultrahigh-density alignment of CNT
assembly using DEP, as shown in Figure 3.6(a). Earlier, Vijayaraghavan et al. (2007) demonstrated
precise assembly of SWNTs over several million devices per square centimeter using DEP, as shown
in Figure 3.6(b). In addition, DEP shows the capability to assemble nanoparticles to form a wire
between two electrodes (Bhatt and Velev 2004; Lumsdon and Scott 2005; Xiong, Busnaina, et al.
2007). Yilmaz et al. (2010) built 3D gold pillars by assembling gold nanoparticles using
dielectrophoresis combined with electrophoresis.
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Figure 3.6. (a) Assembly of highly dense aligned SWNTs using DEP (Shekhar, Stokes, and Khondaker
2011). (b) Schematic of a high-density array of single-tube devices and the electrode array
(Vijayaraghavan et al. 2007).

Electrophoretic Assembly
Electrophoresis has been widely used and applied in the fields of biology and chemistry since
electrophoresis was first observed by Ferdinand Frederic Reuss in 1807 and in the field of
nanotechnology more recently. Electrophoretic deposition (EPD) based on electrophoresis makes
charged nanomaterials (0D, 1D, or 2D) in a suspension migrate toward an oppositely charged
electrode along the uniform electric field and deposits the nanomaterials on it. In electrophoresis,
electrostatic force acting on charged spherical particles depends on the particle charge and the
strength of electric field between two electrodes. EDP is simple and fast, and it can assemble many
types of nanomaterials, including semiconductors, conductors, and dielectric particles, as has been
demonstrated over a period of about 15 years (Xiong et al. 2006; Bailey, Stevenson, and Hupp 2000;
Zhang et al. 2005; Kumacheva et al. 2002; Rogach et al. 2000). Figure 3.7 shows a few examples of
assembly results of nanomaterials using EPD (Choi and Park 2006; Hayward, Saville, and Aksay
2000; Makaram et al. 2007; Yu et al. 2003).

Figure 3.7. Early EPD assembly results: (a) silica particles (Choi and Park 2006); (b) PS particles
(Hayward, Saville, and Aksay 2000); (c) multiwalled nanotubes (MWNTs) (Yu et al. 2003);
and (d) single-walled nanotubes (SWNTs) (Makaram et al. 2007).
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Transfer Techniques
Transferring assembled nanomaterials onto various substrates requires the understanding of
interaction energy between nanomaterials, template, and recipient substrates or surfaces. Successful
transfer of ordered nanomaterials onto recipient substrates can be utilized for making various flexible
devices such as thin-film transistors, gas sensors, and biosensors (Ahn et al. 2006; Sun and Wang
2007; Lee and Cui 2010). Figure 3.8 illustrates three of the common transfer methods used for
transferring nanomaterials onto recipient substrates as well as for fabricating flexible devices:
sacrificial layer, PDMS (polydimethylsiloxane) stamp, and thermal tape transfer.

Figure 3.8. Common transfer methods: (a) SWNT transfer using sacrificial layer (SiO2) (Li, Hahm, et al. 2011);
(b) PDMS stamp transfer (Meitl et al. 2005); and (c) thermal tape transfer (Ishikawa et al. 2008).

The use of a template’s sacrificial layer (such as SiO2 film), shown in Figure 3.8(a) for transferring
nanomaterials onto flexible or rigid substrates has been demonstrated to have good transfer
efficiency. In this method, nanomaterials are assembled on a SiO2 film that is later etched using
hydrofluoric acid (HF) to release the SWNTs onto a PDMS stamp. The transfer efficiency is
independent from the adhesion force between the nanomaterials and template (silicon substrate in
this case). The drawback is that these templates cannot be reused after the transfer process (Li, Jung,
et al. 2011; Li, Hahm, et al. 2011). Intermediate sacrificial films such as PDMS and thermal tapes,
shown in Figure 3.8(b) and 3.8(c) for transferring nanomaterials onto recipient substrates, have been
explored and demonstrated (Meitl et al. 2005; Ishikawa et al. 2008). However, these methods utilize
several additional steps that result in a more involved process that may lead to a higher cost. In
addition, the adhesion forces between nanomaterials and template and nanomaterials and recipient
have to be considered and controlled to achieve effective and uniform transfer.
The transfer printing technique is a straightforward process to transfer nanomaterials onto a polymer
substrate. This technique does not utilize intermediate steps such as removal processes, or thermal
tapes to transfer nanomaterials. Reducing the number of steps directly lowers the cost of the process.
Tsai et al. (2009) demonstrated that vertically grown CNTs on silicon substrate were successfully
transferred onto a polycarbonate (PC) film using the transfer printing technique to fabricate flexible
field emission devices, as shown in Figure 3.9. Figure 3.9(a) illustrates a typical transfer printing
process procedure. Vertical CNTs can be transferred onto a PC substrate, as shown in Figure 3.9(b),
through a one-step process by applying temperature and pressure.
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Figure 3.9. (a) Illustration of a typical transfer printing technique. (b) Transferred vertical CNTs on PC film
using transfer printing (Tsai et al. 2009).

MAJOR BARRIERS TO NMSD (IN SCIENCE, TECHNOLOGY, & INFRASTRUCTURE)
1. How to precisely conduct the heterogeneous assembly of different nanomaterials with diversity
in shape, size, composition, properties, and functionalization on the same substrate.
2. How to extend the printing-based manufacturing processes at multiple scales from nano to
micro to macro (millimeter scale).
3. How to integrate processes and interfaces to manufacture multilayered 2D and 3D structures on
a variety of substrates.
4. How to ensure the responsible and sustainable development of nano-enabled products
throughout the entire product life cycle. urgent
GOALS FOR THE NEXT DECADE
Listed below are critical goals in manufacturing of NMSD in the coming decade:
1. Designing and manufacturing novel materials with unique properties by leveraging the
quantum and classical behavior of atoms and/or systems.
2. Integration of various materials, organic, inorganic, metallic, semiconducting, and insulating
nanomaterials, with the desired interfaces and boundaries.
3. Tuning the electronic properties of systems through introduction of vacancies, defects, and
heterogeneity.
4. Scaling from nanoscale to macroscale such that superior nanoscale properties can be harnessed
at the macroscale.
5. Developing a highly reliable manufacturing methodology for producing complex
heterogeneous systems involving 1D and 2D nanomaterials through various assembly and pick
and place methods.
The overall goal is the precise assembly (directed and self-assembly) of nanoscale building blocks
to make ever more complex NMSD systems using 0D, 1D, and 2D nanomaterials.
INFRASTRUCTURE NEEDS
Most of the state-of-the-art infrastructure in Asia and Europe is supported by state or local funds and
appears to represent a priority with the different governments. In the United States, major
infrastructure funding at universities is supported by either wealthy universities or large states (such
as New York and California). Other U.S. universities share a small pool of infrastructure funding
from the National Science Foundation or the Department of Defense (some have a $2 million cap
per institution). The global investment in science and engineering infrastructure suggests there may
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be a need to reevaluate the current U.S. infrastructure funding mechanisms for scientific and
engineering instrumentation and equipment. Specifically, sufficient funding for developing new
instrumentation and manufacturing equipment is needed to continue the U.S. science and engineering
leadership in nanotechnology.
There is a need to continue to support traditional nanofabrication (silicon-based) research and user
facilities, such as were supported through 2015 by the NSF National Nanotechnology Infrastructure
Network (NNIN), so as to meet current manufacturing R&D needs of researchers at universities and
small and medium-sized businesses. There is also a need to establish hubs and clusters that focus on
nanomaterials-based nanomanufacturing using directed assembly–based manufacturing as well as
other techniques such 3D or electronic printing. Programs could be developed for workforce training
and community colleges and higher education in traditional nanofabrication (silicon-based), directed
assembly–based nanomanufacturing, and other nanomaterials-based manufacturing such as 3D and
electronic printing. Collaboration with industry is essential for developing tools and equipment to
enable the next-generation directed assembly nanomanufacturing and other nanomaterials-based
manufacturing technologies. There is also a need for multiscale simulation methodologies such as
molecular dynamics, Monte Carlo, lattice Boltzmann, and dissipative particle dynamics for bridging
various scales from nano to macro. There is a need for the synthesis of novel hybrid materials at the
nanoscale. In situ metrology measurements for determining size, dimension, chemical composition,
crystalline structure, etc., are needed for better understanding of the science as well as for the
development of better nanomanufacturing technologies. Noninvasive characterization for
determining electrical, optical, mechanical, and electronic properties will have similar benefits.
R&D STRATEGIES AND OPPORTUNITIES
Future research and development strategies need to focus on the scalability of many synthesis and
manufacturing processes to enable the translation of nano-enabled devices and products and lead to
their commercialization. This can only be done through increased and targeted manufacturing
support for research centers and large multidisciplinary groups to allow such centers and groups to
focus on basic research that leads to science and engineering breakthroughs. Lately, such funding
has been either stagnant or shrinking in the United States.
In the short term, nano-enabled sensors systems, energy harvesting, hybrid (top-down/bottom up)
manufacturing for devices and functional materials, metamaterials, and scalable printing down to
20 nm are opportunities that hold much promise and will lead to a large societal impact.
In the long term, materials by design (with to-order properties) such as acoustic, thermal, electrical,
and mechanical metamaterials; and bio-inspired material design and manufacturing are opportunities
that need to be addressed.
EXAMPLES OF ACHIEVEMENTS
An alternative approach is the use of electrophoretic assembly processes for the rapid assembly of
nanomaterials. It requires assembly on a conductive surface and the assembly can be performed over
large areas and in a short time (Xiong, Makaram et al. 2006; Bailey, Stevenson, and Hupp 2000;
Zhang et al. 2005; Kumacheva et al. 2002). The assembled nanomaterials on the conductive surface
then need to be transferred onto an insulating surface or onto polymer substrates to be utilized in
electronic and flexible devices (Li, Jung, et al. 20011). Successful transfer of ordered nanomaterials
onto recipient substrates can be utilized for various flexible devices, such as thin-film transistors,
chemical sensors, and biosensors (Lee and Cui 2010; Ahn et al. 2006; Sun and Wang 2007; Jung et
al. 2013), thus leveraging the advantages of nanomaterials in new and emerging devices.
A team at the Center for High-rate Nanomanufacturing (CHN) at Northeastern University has
developed a high-rate offset nanoscale printing technology using reusable Damascene templates
utilizing electrophoretic directed assembly (for inking) and transfer (printing) processes (Cho et al.
2015), as shown in Figure 3.10.
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Figure 3.10. Directed assembly-based printing process and resulting 2D and 3D nanostructures from
nanoparticles and carbon nanotubes. The Nanoscale Offset printing templates and printing
system are also shown (Cho et al. 2015; Yilmaz et al. 2014).

CONCLUSIONS AND PRIORITIES
Directed assembly and transfer of nanomaterials have been used to make functional and novel
nanostructures enabling superior device performance and miniaturization in sensors, electronics,
optics, energy, and biotechnology applications (Lee et al. 2006; Kaminker et al. 2010; Lee, Yabuuchi
et al. 2010; Ko et al. 2010). However, barriers such as scalability, speed, yield, reliability,
adaptability, and integration of different components need to be addressed for commercialization.
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A few of these barriers have been addressed by some of the current assembly and transfer processes.
For example, template-guided assembly has been used to assemble nanomaterials to achieve desired
nanoscale 2D or 3D architectures (Kraus et al. 2007; Yilmaz et al. 2010; Yilmaz et al. 2014,). A
fluidic assembly process where capillary force is the dominant assembly mechanism is amenable to
a variety of nanomaterials (Maury et al. 2005; Xia et al. 2003; Jaber-Ansari et al. 2009). The printing
process using meniscus and evaporation enables precision assembly with single-particle resolution
using nanoparticles (NPs) (Kraus et al. 2007) Dielectrophoretic assembly shows the capability of
fabricating nanowires with both nanoparticles and highly oriented nanotube assembly between
electrodes. Although these assembly processes have shown precision assembly with high resolution
into microscale and nanoscale trenches, each has serious shortcomings that must be addressed. These
include deficiencies in scalability, repeatability, throughput, and cost-effectiveness that are due to a
variety of parameters that are specific to each process, such as the inefficient assembly speed
(diffusion-limited) in fluidic directed assembly.
The uniform controlled assembly of nanomodular materials (on patterned surfaces) and its transfer
can be achieved using technologies such as Damascene templates through the offset printing process
(Cho et al. 2015) or other high-throughput directed assembly techniques. These templates can be
reused thousands of times through the cycle of assembly and transfer without any additional
processes, which is critical for high-throughput manufacturing of flexible devices such as electronics
and biosensors. The template could be used to print 0D, 1D, or 2D materials, including organic or
inorganic, conductive, semiconductive, or insulating materials. The Damascene template has been
used in a plate-to-plate batch process to print on both hard and flexible substrates. Such emerging
solutions are beginning to address the current barriers to efficient manufacturing and
commercialization of nanoscale devices.
Transitioning current nanomaterials-based manufacturing research into commercial products offers
a new approach to rethinking and reinvigorating U.S. manufacturing. The advanced directedassembly nanomanufacturing technologies enable cost-effective products with superior performance
in a sustainable manner and at lower costs. Such technologies and facilities will accelerate
development for many industries and will strongly enhance and influence numerous applications in
aerospace, electronics, sensors, medical devices, energy, and advanced materials. It will enable the
integration of various multiscale manufacturing processes, including registration and alignment of
multiple layers and interconnection of micro- and nanoscale features.
INTERNATIONAL PERSPECTIVES
Perspectives from Europe and Asia on nanomanufacturing of NMSD as applied to electronics,
sensors, and other applications are based on the series of workshops and site visits in Europe and
Asia in which the WTEC panelists participated in the spring of 2015. Although a large number of
researchers and institutions participated in the workshops, this perspective does not necessary reflect
all research and development activities taking place in these countries. Details of specific
presentations and site visits are provided in the trip reports in Appendixes B and C.
Europe
Belgium: Imec is located on the largest electronics R&D facility that is funded by industry and
government. Although Imec has been focused on CMOS technology for the last 3 decades, its
researchers are currently interested in taking advantage of and utilizing 2D materials. However, they
have not yet started integrating these into electronics manufacturing. They are assessing using the
materials and are thoroughly looking into the manufacturing issues and scalability of using 2D
materials, including interfacial issues, yield, scalability, and integration. For example, because the
2D materials clearly show promise for the continuation of CMOS scaling, Imec is addressing
challenges such as material defectivity, contact resistance with 2D materials (architectures, metals,
compatibility with current semiconductor fabrication methods and facilities), doping of 2D materials,
embedding 2D materials in dielectrics, and decoration/functionalization of ribbon edges. Imec is also
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focusing on modeling efforts to address many of these challenges. Its manufacturing and process
development is still focused on CMOS, but recently it has started a focused effort on the transition
metal dichalcogenides for beyond-CMOS. Imec has a tremendous capacity to work on manufacturing
and integration of 2D materials with CMOS. Traditionally, Imec has been focused on development
and not basic research, but it has started looking at fundamental issues regarding manufacturing and
integration of 2D materials.
France: The Centre for Innovation in Micro and Nanotechnology (MINATEC) and CEA-Leti are
both heavily involved in working with industry and developing spin-off companies. (Leti represents
the MINATEC interface with industry.) These represent a leading research and development effort
in 2D materials and a wide range of nano- and microtechnologies. They are particularly effective in
connecting fundamental research with industrial needs.
In general, the WTEC visit did not indicate that much focus or attention is being paid to bottom-up
manufacturing approaches such as directed assembly.
Ireland: The Centre for Research on Adaptive Nanostructures and Nanodevices (CRANN) has a
strong research effort that has many leading-edge nanotechnology research programs. The
researchers have diverse disciplines that they apply to a variety of nanoscale building blocks, not just
to 2D nanomaterials. There is also work on networked and nanomodular systems using networks of
nanostructures where junction resistance can be controlled to produce a memristor-like device with
reversibility (of memory) in these complex systems. CRANN has a strong focus on 2D materials
synthesis and nanoscale characterization. Its strong industrial collaboration shows a successful
partnership in translating the academic innovations into industrial products. AMBER-CRANN
(AMBER is a multi-institution center for Advanced Materials and BioEngineering Research directed
at commercial partnerships) is supported by Science Foundation Ireland and industry at €60 million
over six years, with additional support from the European Union (e.g., through the Graphene Flagship
and the European Research Council).
UK: The UK and Europe play leading roles globally in graphene and 2D materials research. A large
effort on graphene and other 2D materials is focused at Cambridge University. There are several
other efforts at University of Manchester, Trinity College, and other locations. There is a strong
commercialization mandate for these centers on getting graphene to the marketplace. Europe in
general is heavily focused on graphene and 2D materials, trying to leverage the early discoveries and
developments in the 2D materials area. The research at University College London (UCL) and the
London Centre for Nanotechnology (LCN) is diverse and focuses on the application of nanoscience
and nanotechnology to challenges in information technology, healthcare, energy, and the
environment. Many projects have been focused on prototyping and products, including structural
batteries, flexible harvester battery devices, low-cost flexi-planar fuel cells, and pilot plant–scale
hydrothermal nanoparticle slurries.
Asia
China: Cnano Technology presents an example of a successful transition from university research
related to the production of nanotubes to industrial-scale production. This was an important contrast
to other visits and workshops held as part of this study. The workshop at Fudan University with over
13 presenters and 60 attendees focused on the synthesis and characterization of 2D materials. The
workshop showed that there is strong interest in China and among several of the researchers to
develop applications and work with industry to commercialize products. It was also indicated that
significant funding for the commercialization of 2D materials was granted to industry. The workshop
also revealed that most of the devices fabricated utilized top-down techniques; no directed assembly–
based fabrication was presented.
The Shanghai Institute of Microsystem and Information Technology (SIMIT) of the Chinese
Academy of Sciences engages in graphene research focused on materials and physics, devices, and
applications. The research activities include single-crystal graphene growth, liquid-phase exfoliation
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of graphene, and synthesis of graphene quantum clusters. The Suzhou Institute of Nano-Tech and
Nano-Bionics (SINANO) Printable Electronics Research Center (PERC) focuses on
commercialization of printed electronics. They have developed and commercialized a large-area
(8 x 12 inches and larger) touch display based on imprinting a pattern onto a polymer substrate and
then filling the imprinted pattern with silver nanoparticles (down to 3 microns). The TsinghuaFoxconn Nanotechnology Research Center, established at Tsinghua University in 2004, is a unique
case of a strong industry–university cooperation that has successfully translated fundamental
research in nanotechnology to commercial applications. The center has commercialized CNT-based
transparent conducting films in several electronic devices with Foxconn and other companies. The
WTEC NMSD workshop was held at Tsinghua University and involved universities and research
institutes that have become or are becoming leaders in the basic science and advanced applications
of nanostructures, including nanomodular systems. The work presented focused on using top-down
approaches in making electronics and devices.
Japan: The National Institute of Advanced Industrial Science and Technology (AIST) is a major
research organization in Japan. Its principal objective is the advancement of scientific research that
relates to industrial competitiveness. The span of AIST is exceedingly large. It has major research
activities related to 2D materials (as opposed to assembly of more complicated structures). The
International Center for Materials Nanoarchitectonics (MANA) engages in basic and applied
research with the goal of developing new materials that support sustainable development, specifically
to enable realization of innovative technologies. MANA focuses on the fabrication of complex
structures in its four research themes of nanomaterials, nanosystems, nano-power, and nano-life. The
approach to the manufacturing of these devices is mostly top-down. Research presented at the
workshop at the Tokyo Institute of Technology was focused on electronic applications that use
mostly graphene and 2D systems rather than assembly of more complex structures.
Korea: The one-day WTEC workshop at Hanyang University has shown that universities and
research institutes are focused on the basic science and applications of graphene and 2D materials
systems, with industry identifying the most promising technologies suitable for commercialization.
Most of the work was focused on using 2D materials for electronic application utilizing top-down
approaches. KIST’s research areas of interest are Brain Science such as neuroscience,
neuromedicine, and biomicrosystems; Post-Silicon Semiconductor future convergence research such
as spin convergence, interface control, high-temperature energy materials, optoelectronic materials,
molecular recognition, nanoquantum information, and photo-electronic hybrid research. With the
exception of Dr. Hyunjung Yi, who was utilizing bacteriophages engineered to present aromatic
amino acid residues to bind to nanotubes and a hydrodynamic assembly technique to make a largearea conductive mesh that can be scaled up to 10 cm in length (for sensors and wearable electronics
applications), most other manufacturing techniques utilized conventional top-down technologies.
Singapore: The major focus of the Centre for Advanced 2D Materials (CA2DM) at the National
University of Singapore (NUS) is on synthesis of high-quality 2D materials done in an 800 m2
cleanroom that enables careful characterization and device prototyping. Researchers focus mainly
on fundamental research and intellectual property (IP), with a device focus through industrial
partners. All of their devices at the time of the WTEC visit were manufactured using a top-down
approach completed with the transfer of 2D materials to the device.
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ELECTRONICS, PHOTONICS, AND MAGNETICS FROM NANOMODULAR
MATERIALS
Electronics
Electronics is among the application areas where the paradigm of nanomodular materials and systems
by design (NMSD) finds its most compelling working concepts and implementations. This is because
(a) miniaturization is a driving force in the technology insofar as smaller electronic devices are faster
and more powerful; (b) electronics is inherently modular, with processing units naturally mapping
onto modular physical structures; (c) economic demand for electronics—especially miniaturized
electronics—is huge and growing; and (d) objectives like reduced power consumption and increased
efficiency are obvious enticements for nanoscale solutions.
Miniaturization
Although the drive to identify, characterize, and manipulate matter at ever-smaller length scales has
been a goal of human endeavor at least since the invention of the sewing needle in prehistoric times,
the advent of large-scale integration in the electronics industry pioneered the use of miniaturization
specifically for the purpose of increasing computation speed. Therefore, the microprocessor
represents a watershed in mankind’s systematic exploration of “the small.” Unlike any other field of
technology, in electrical engineering smaller translates directly into faster and more powerful. The
strength of that incentive is evidenced by the empirical outcome of technological innovations known
as Moore’s Law (Moore 1965). Two main technologies can be identified that form the basis of the
fabrication of modern electronic devices: (1) epitaxy—the atomically precise growth of crystals in a
layer-by-layer fashion—and (2) lithography—the art of drawing metal lines at nearly atomic
resolution for the control of local electric fields.
Modularity
The structure of electronic devices and to a lesser extent, photonic and magnetic devices, is
intrinsically modular. Some of the elementary units in a digital electronic device are transistors,
diodes, or memory cells of one type or another. These units are grouped together into larger,
functional parts that ultimately reach the macroscale in familiar devices such as cell phones, USB
drives, and game consoles. Further, since the time of the Turing machine (ca. 1936), the elementary
units in electronics have been the physical manifestation of abstract mathematical operations that
typically are represented by the behavior of logic gates on a binary space of states. It was the great
insight of Rolf Landauer (1961)—that information itself is physical—that cemented the relationship
between the mathematics of information processing and the physics of the information processing
device. As device size shrinks, the individual information processing functions become increasingly
elementary in terms of the physics of the relevant transitions in the device. This too aids the speedup
of the machine.
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Economics
The financial incentives in the electronics industry are well known. Annual global sales of the
consumer electronics industry are currently $680 billion and growing (Horowitz 2011). At the
beginning—or, at least, at an early stage—of the supply chain, the top three chip manufacturers
worldwide (Intel, Samsung, and STMicroelectronics) have a combined market capitalization of over
$360 billion. As one metric for the consumer demand for data, the global mobile data traffic in 2014
reached 2.6 exabytes1 and Cisco Corporation scientists expect that number to grow to 15.9 exabytes
by 2018.
Power and Efficiency
In addition to the quest for speed, the pressure to innovate and, specifically, to employ nanomodular
design methodologies in electronics comes from the increasing energy consumption of information
and communication technologies (ICT). Consumer electronic devices currently consume roughly
15% of the energy budget for residential electricity. Overall, ICT consumes roughly 4.7% of the
world’s total electricity (Gelenbe and Caseau 2015). In addition, the thermodynamics of information
processing is becoming more important as miniaturization proceeds. The requirement for devices
that dissipate less heat is satisfied in much the same way as the requirement for greater speed—by
making the physical manifestation of the processes more elementary. One approach is to replace the
actual transistor elements in complementary metal-oxide semiconductors (CMOS) with highperformance carbon nanotube (CNT) channels, as is currently being explored, for example, at IBM
(Cao et al. 2015).
Considering all of these facets of the mature electronics industry—without even delving into the
niche industries that are constantly emerging for more specialized functionalities—it is unsurprising
that nanomodular materials and systems by design should find their most immediate realization in
the realm of electronic devices, where at least in theory, 2D, 1D, and 0D nanoscale components can
be incorporated as the gates, wires, and storage cells (to suggest just one mapping) of the information
processor.
Photonics
Photonics concerns the conversion of information or energy to or from light of varying wavelengths.
Heretofore, photonic devices have used light absorption and emission in bulk materials or with
naturally occurring atoms and molecules. Although nanoparticles have been employed for their
beautiful photonic properties in paints and stained glass (International Institute for Nanotechnology
2015) for at least four hundred years, the metallurgists and glass blowers of the Renaissance did not
understand the atomic structure of matter, to say nothing of understanding the remarkable nature of
nanomaterials. Nanomaterials of various sizes, compositions, and dimensions have a wide array of
photonic properties that differ from bulk materials on the one hand and from natural atoms and
molecules on the other hand. These properties include capture cross-section (nanomaterials for
photovoltaic applications; Green 2013); dielectric response tensors (Li, Tjong, and Li 2010); photon–
electron (e.g., plasmonic) interaction and photon–electron–phonon (e.g., surface-enhanced Raman
spectroscopy) interaction, and the unique spectral dependence of each of these characteristics. Ability
to tailor the light-matter interaction through various regimes (weak to strong coupling) has the
potential for performance enhancements of existing photonic devices as well as enabling new device
concepts and designs.
Magnetics
The range of the magnetic behavior of matter has been substantially increased with the advent of
nanoscale engineering. As with photon interaction with matter prior to the advent of nanomaterials,
the magnetic properties of matter had previously been described in terms of atomic or molecular
1
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behavior at the small scale or in terms of bulk matter (often disordered matter made up of
macroscopically small but microscopically large domains). It is well known, however, that magnetic
coercivity is highly dependent on geometry, and therefore, nanomaterials can be fabricated with easy
axes of magnetization for information storage applications (Choi et al. 2012). Other prominent areas
of application of magnetic properties of nanomaterials include electric power generation and
communication with in vivo magnetic nanoparticles. This latter application is appealing because
biological tissue is to a large extent opaque to infrared or optical radiation but is transparent to
magnetic fields.
VISION FOR THE NEXT DECADE
The essence of nanotechnology research and development to date is that 2D, 1D, and 0D nanoscale
systems have been discovered and explored that exhibit properties that distinguish them qualitatively
from either atoms and molecules on the one hand or bulk materials on the other hand. The essence
of the “nanomodular materials and systems by design” concept is that nano-elements can be
assembled together in such a way as to both make use of the unique properties of their components
and to build composite materials with global functions that improve on or add completely new
possibilities to the functions of ordinary materials.
In order to achieve the promise of NMSD, new and much more powerful fabrication methods must
be developed that can transcend the top-down/bottom-up paradigms that typify, respectively, CMOS
fabrication and solution chemistry.
The top-down paradigm of fabrication, whereby a functional device is created piece-by-piece by
“writing” its individual parts, is not refined enough to, for example, write wires with CNTs (although
certain advances have been made in that direction recently, see Cao et al. 2015 and below), memory
cells with quantum dots, or gates with sheets of graphene. Such elements can be manipulated by, for
instance, scanning probe devices, but even then the precision is inadequate for modern electronics.
Further, scaling-up fabrication with scanning probe devices is challenging and currently not feasible.
Bottom-up fabrication paradigms, which employ various forms of self-organization, typically
produce multiple copies of the same thing rather than a complex, hierarchically structured device.
(Reactions of chemicals in solution as employed in standard synthetic chemistry can be considered
as one well-established self-organization technique.)
More generally, the distinctions between bottom-up and top-down fabrication paradigms map closely
to the distinctions between materials and devices. Materials either have a unit cell or, if they are
amorphous or highly disordered, at least an approximate translational invariance such that any
portion of the material is serving the same function as any other portion. Examples of materials made
from nano-elements include filters, light-emitting materials, photovoltaic materials, sensor materials,
and high-surface-area-to-volume-ratio electrode material for batteries. Devices, on the other hand,
have a more complex architecture where each part of the device is distinct and is configured to the
role that it plays as one part of the whole. The obvious example here is the integrated circuit, although
photovoltaic devices (as opposed to light-absorbing photovoltaic materials) require a
multicomponent device structure (they must have both p and n leads, for instance). Realizing the full
power of NMSD will require development of fabrication strategies that incorporate the strengths of
both existing fabrication approaches to enable the creation of complex, hierarchical, non-repeating
structures with atomic-scale features.
ADVANCES IN THE LAST DECADE AND CURRENT STATUS
The tremendous success of CMOS in the integration and miniaturization of electronic components
into microprocessors over the last 50 years has been principally the result of top-down fabrication
based on ever more refined lithography, carried out on ever-more-carefully grown semiconductor
crystals. As described in Chapter 2 of this report, an entirely different principle for material
fabrication involves the control of processes in a system—often a solution or a surface—as it
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proceeds to electrochemical equilibrium; this principle is referred to as directed self-assembly. Selfassembly, by definition, takes a bottom-up approach to fabrication.
This dichotomy between approaches—top-down and bottom-up—is central to this entire report.
Depending on the material or device being created, one or the other method is historically preferred,
and switching to the opposite approach can be difficult and possibly ill-advised. However, switching
may also be necessary to achieve progress. (This will be discussed further in the conclusion.)
This section discusses advances made in nanomodular materials and systems by design in electronics,
photonics, and magnetics in the past decade, covering both top-down and bottom-up strategies for
fabrication. The sequence of advances in the past decade can be outlined as follows:
1. Improvements in fabrication (uniformity, characterization, and scaling up) of 0D, 1D, and 2D
nanoscale building blocks.
2. Increased understanding of interparticle forces between nanoparticles, 2D sheets, nanotubes,
and nanowires.
3. Development of applications that employ assembled nanomaterials, including some exciting (if
preliminary) successes.
4. Top-down assembly strategies.
5. Bottom-up assembly strategies.
Nanoscale Building Blocks
The first requirement for functional devices based on nanoscale building blocks—for example,
quantum dots, nanotubes, and 2D sheets such as graphene—is for improvements in production of
those building blocks. Such improvements include synthesis, purification, measurement,
optimization, and scaling. An exhaustive description of the progress in nanoscale building block
fabrication is beyond the scope of this report, but a brief overview is necessary to complete the picture
of NMSD.
0D
Zero-dimensional nanosystems are called quantum dots, or artificial atoms, or simply, nanoparticles.
They are employed for a wide array of applications stretching far beyond electronics, photonics, and
magnetics to those in medicine (Gao, Gu, and Xu 2009); ceramics (Koziej, Lauria, and Niederberger
2014); coatings (Konstantatos and Sargent 2014); and disinfection and cosmetics (Ahamed, AlSalhi,
and Siddiqui 2010). According to market research by BCC Research, the global market for
nanoparticles in the life sciences alone was estimated at over $29.6 billion for 2014 and is forecast
to grow to more than $79.8 billion by 2019 with a compound annual growth rate of 22% (Highsmith
2014). The biggest increase was expected to come in the area of drug delivery systems.
Commercialization of nanoparticles is well advanced. To cite two examples, the company
nanoComposix (http://nanocomposix.com/) develops nanoparticles using Mie plasmon resonance
(typically gold and silver) for a variety of photonic and biomedical applications including the sensor
element in a pregnancy test meter; Pixelligent (http://www.pixelligent.com/) concentrates on
zirconium nanoparticles for use in solid state lighting with $40 million invested in its product
platform. Fabrication methods for nanoparticles are typically limited to solution and colloidal
chemistry, but in the past decade they have broadened to include microfluidic fabrication methods.
Among the many issues faced by researchers in photonic nanoparticles are the problems of quantum
yield and quantum dot “blinking,” both of which limit the efficiency of light emission in complex,
core–shell nanoparticles (Hollingsworth et al. 2015).
1D
One-dimensional systems include semiconductor nanowires (see, for example, Dasgupta et al. 2014)
and carbon nanotubes (Endo, Iijima, and Dresselhaus 1996). Nanowires are typically grown using
chemical vapor deposition and metallic “seed” particles that incorporate the semiconductor atoms
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into a nearly atomically perfect cylindrical crystal. Typically, these wires are grown in a “forest” and
used either as photonic material—for example, in the production of photonic crystals (Priolo et al.
2014)—or else the forests are “harvested” and painstakingly manipulated to create individual fieldeffect transistors (FETs) that are attached to individual metallic source and drain leads (Lieber 2011).
Carbon nanotubes, developed by Richard Smalley and colleagues at Rice University, have been
produced for nearly twenty years using a laser vaporization process in a 1,200 oC furnace with
(typically) cobalt-nickel catalysts (Wilder et al. 1998). The demand for purer and cheaper CNTs has
led to new methods of fabrication, such as the “catalyst chemical vapor deposition” technique
(Cantoro et al. 2006). One example of this technique was the work by SouthWest Nanotechnologies,
which unfortunately filed for bankruptcy recently, to grow CNTs at temperatures as low as 350 oC
for applications in printed electronics.
2D
The field of two-dimensional materials, which saw the production of graphene as its seminal
achievement, has now advanced far beyond graphene. The original fabrication method for graphene
(Novoselov et al. 2004), through exfoliation using scotch tape, has given way to chemical vapor
deposition techniques (Dhingra et al. 2014). Also, a whole range of other 2D materials, such as the
dichalcogenides, have been isolated via exfoliation of properly designed and doped 3D materials
(Osada et al. 2014), thereby greatly expanding the available elements in that domain. Nevertheless,
the manipulation of graphene and other 2D materials is currently in its infancy. Individual sheets of
graphene can be manipulated with scanning probe devices, but scaling up to larger structures, other
than through crude methods such as spin-coating a predefined substrate, is problematic. Finally, just
as carbon nanotubes actually represent a whole class of 1D materials determined by chirality and
diameter numbers, so too, graphene is now understood to depend on the shape of the two-dimensional
flake and on the nature of its edge. Further, with regard to all nanomaterials, doping properties can
frequently be crucial for material function and yet even with the best-studied nanoparticles, the
specific effects of specific dopants comprise an enormous field yet to be fully explored.
Interparticle Forces
Construction of complicated devices and materials from nano-elements requires prior understanding
of the forces at work between those elements. This is true whether considering self-organized
fabrication modes or top-down modes such as nanoscale printing techniques (Shen et al. 2013).
In standard chemistry, the interactions between molecules are often categorized as bonding,
Coulombic, dipole, dipole–dipole, ion–dipole, hydrogen bonding, London forces (induced dipole),
and entropic. The fundamental forces between nanoscale components in fact hardly differ from those
between molecules, but they are often categorized differently. They can be listed as follows:







Coulombic, by which is meant direct charge–charge, 1/r2 interaction.
Van der Waals, which encompasses all forms of dipole interactions, including those between
permanent dipoles (Keesom), dipole-induced dipole (Debye) and between mutually induced
dipoles (London).
Bonding forces.
Entropic forces.
Hydrogen bonding.
Magnetic forces (which are rarely relevant between simple molecules).

Considerable work has been done over the past decade and continues to date on the nature of
nanoparticle and nano-element interacting forces. Two excellent reviews on the subject are Min et
al. (2008) and Bishop et al. (2009).
In the context of self-assembly, one critical issue of interparticle forces concerns whether resulting
structures are equilibrium or non-equilibrium in nature. For example, for self-assembled binary
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nanoparticle metamaterials fabricated from oppositely charged colloidal particles (Shevchenko et al.
2006, there is interplay between the forces between the particles (which in the cited work are strong
Coulombic forces) and the thermodynamic equilibrium of the structures that they form.
As a general rule, as nanoparticle size increases, structures formed from them become increasingly
non-equilibrium. The reason for this is that the van der Waals or adhesion binding energy, Ead,
increases with the size of the nanoparticle (say, the radius for spherical particles). For atomically
sized particles, Ead may be on the order of the room-temperature kBT. But for particles of even 1-2 nm
radius, the Ead can be much higher than room temperature. Because material characteristics such as
bonding lifetimes, dynamics, and relaxation times typically scale as exp
, as the size of
nanoparticle systems increases, they become increasingly kinetically trapped. When
thermodynamics no longer dictates the self-assembly pathway (or does so only after a very long
time), the particles become ordered by directed or engineered assembly, which is driven by the
externally applied forces on the system, such as compressive or shear stresses, gravity, and magnetic
or electric fields.
Conclusions such as these are derived from careful examination of the forces between nanoparticles.
Early work on this topic tended to extend macroscopic models, such as the Dzyaloshinskii–Lifshitz–
Pitaevskii theory (1961) developed half a century ago to describe the interaction between colloidal
particles. More detailed, often numerical, calculations, such as the approach employing the Hamaker
integral approximation (Hamaker 1937) can show whether or not, and to what extent, internanoparticle interactions are well-predicted by the macroscale models.
An illustrative example of the interplay between inter-nanoparticle force and nanoparticle size is the
observation that C60 does not possess a liquid state (Hagen et al. 1993). This is because in that case,
the range of the interparticle force is exceeded by the size of the particles. For the same reason, most
colloidal particles aggregate directly into crystals from the gas phase if the attractive forces are shortranged. This phenomenon therefore depends on the type of force acting between the particles and
can therefore “kick in” for particles as small as C60 or as large as micrometer-sized colloidal particles
(Min et al. 2008).
Preparation of nanoparticles is also crucial for modifying their interaction. Because van der Waals
forces tend to be very strong for larger particles, the issue of aggregation and subsequent precipitation
from solution is important. Nanoparticle solutions can be stabilized using both electrostatic means
(applying charges that cause the particle to be surrounded by a hydration layer) and steric means
(coating the particles with a tightly bound polymer or surfactant monolayer).
Another noteworthy example comes from the interaction of magnetic nanoparticles. Particles
possessing a permanent magnetic dipole naturally tend to anti-align in close proximity. However,
when the same particles are placed in a strong external magnetic field, their dipoles all align with the
field and their alignment tends to be linear in a nose-to-tail fashion, leading to self-organized
“strings.”
Overall, the understanding of the forces between nanoparticles (including nonspherical particles and
particles suspended in air rather than in liquid) and the ability to modify those forces with external
electromagnetic fields, particle preparation, and other means are rapidly advancing. These advances
are clearly crucial for the future progress of nanomodular materials and systems. The review articles
by Min et al. (2008) and Bishop et al. (2009) discuss some of these issues in detail.
Development of Applications
The path of applied science is often understood as the progression from demand in the marketplace
to science research to material design to demand-satisfying device. Of course, things are never so
simple. Rather, the interplay between these activities is complex and exhibits the same dichotomy
that is seen in economics between supply-side and demand-side models. As a somewhat overused
example, Apple did not become a world-leading technology company simply by designing products
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that satisfied preexisting, well-identified demands. Rather, it worked in part to stimulate demand for
revolutionary products that no one knew that they needed until they were produced. So it has been,
too, with NMSD, and indeed with all engineering and applied science. Frequently, scientific research
produces materials that have no immediately apparent application. With the discovery and
production of C60, carbon nanotubes, semiconductor nanowires, graphene, and other 2D materials,
the prevalent thought is often, “these have to be good for something!”
In practice, “development of applications” can include not only creation of transformational products
that satisfy previously unrealized objectives, but also development of devices that satisfy known
demands (e.g., lighting, computation, energy storage) in more efficient or even transformative ways.
Following are several illustrations of the creation of nanomodular materials and systems by design.
Nanostructured materials combining high surface accessibility and enhanced ionic transport are
attractive for applications in rechargeable lithium-ion batteries. A recent work by Zhao, Hayner, and
Kung (2011) describes their success in attaching lithium manganese oxide nanoparticles to carbon
nanotubes, or alternatively, to sheets of graphene to create high-performance cathode material for
batteries. Their method builds on an earlier self-assembly method for fabricating inorganic/CNT
hybrids using presynthesized nanoscale building blocks, acid-functionalized CNTs, and selected
capping agents (Li et al. 2007). The crystalline LiMn2O4 nanoparticle-carbon composites exhibited
excellent lithium (Li) ion diffusion kinetics and improved stability across a broad voltage window,
and they achieved capacities approaching the theoretical value, with enhanced power delivery and
cycling retention. The results indicated a high degree of utilization of interconnected LiMn2O4
nanoparticles in a percolated CNT and graphene nanosheet network.
Another report (Yen et al. 2011) describes the creation of a novel composite counter electrode for
high-performance, dye-sensitized solar cells (DSSC) fabricated with platinum nanoparticles on
graphene. In comparison with platinum (Pt) films, results obtained using cycle voltammetry and
electrochemical impedance spectroscopy showed that the electrocatalytic ability of the composite
material was greater and afforded a higher charge transfer rate, an improved exchange current
density, and decreased internal resistance. The researchers observed that the photocurrent of their
DSSCs that used the platinum/graphene counter electrode increased by 13% and the conversion
efficiency increased by 20% compared to DSSCs with planarized fluorine-doped tin oxide.
In the last several years, researchers at Singapore’s Nanyang Technological University developed a
layer-by-layer self-assembly method to combine CdS quantum dots and graphene nanosheets (Xiao,
Miao, and Liu 2014). The researchers found that the alternating GNs−CdS quantum dot (QD)
multilayered films showed significantly enhanced photoelectrochemical and photocatalytic activity
under visible light irradiation as compared to both pure CdS QDs and pure GNs films. The
researchers concluded that the enhancement was due to the judicious integration of CdS QDs with
GNs, which maximized the 2D structural advantage of GNs in GNs−CdS QD composite films.
A final example concerns the development of flexible and transparent electronics. While the
integration density of such structures does not approach that of CMOS fabrication, the specific
applications for such structures (e.g., wearable electronics) make them highly attractive as bridge
applications to further advances. One successful application involves the fabrication of flexible MoS2
transistor arrays used in gas-sensing applications (He et al. 2012). Another success is the work by
Yoon et al. (2013) of a highly flexible and transparent transistor based on an exfoliated MoS2 channel
and CVD-grown graphene source/drain electrodes.
Additional applications can be found in the review article on advanced energy conversion and storage
devices by A. Aricò et al. (2005). One final note is important. Considerable effort has been expended
for many years to employ DNA technology as a form of self-assembly in various fields including
electronics. A review of some of that work is given by F. Aldaye, A. L. Palmer, and H. F. Sleiman
in their 2008 Science article.
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Top-Down Assembly Strategies
Nanoscale Offset Printing
The National Science Foundation Center for High-rate Nanomanufacturing (CHN), located at
Northeastern University in Boston, Massachusetts, and the semiconductor manufacturing firm Milara
have developed a prototype for a fully-automated system that uses the principles of offset printing at
the nanoscale to produce nanomaterial circuitry at considerably less cost than current nanofabrication
facilities. The prototype, called the Nanoscale Offset Printing System (NanoOPS), is capable of
printing a wide range of organic and inorganic materials, polymers, metals, and even nanoscale
structures and circuits on a variety of substrates at the 25-nanometer scale (Morse 2014; CHN 2014).
NanoOPS consists of multiple process modules and a control station connected to a hexagonal
framework. The process modules include:





Two template load port modules
A directed assembly module
A mask aligner module
A transfer module

NanoOPS will permit commercial-scale fabrication of nanoscale products such as nanotube circuitry
that have until now been limited to laboratory settings (Morse 2014). NanoOPS uses conductive,
semiconductive, and insulating materials to print structures and circuits on flexible and rigid
substrates up to eight inches across (CHN 2014).
Atomic Layer Deposition
Atomic layer deposition (ALD) is another top-down fabrication method that is being developed and
tested in laboratories around the world. ALD works by repeatedly introducing two gas-phase
chemicals onto the surface of a material in sequence; the chemicals are absorbed by the material and
bond with each other, gradually depositing highly conformal thin films with atomic-monolayer
precision (Bae, Shin, and Nielsch 2011). Templates with 2D nanopore channels (e.g., anodic
aluminum oxide) and 3D nanopore channels (e.g., inverse opal structures of tungsten nitride) can be
used with ALD. In this way, ALD offers a means of directly preparing nanomaterials in conjunction
with scaffold templates, and enables manufacturers to fine-tune the material’s properties using
surface-engineering techniques. At present, the lengths that can be coated conformally using ALD
are limited to several hundred micrometers. One promising way to address this limitation is through
the use of multiwall nanotubes (MWNTs).
Research into the use of ALD with inverse opal structures has shown that this method may break the
degeneracy at the W point of the first Brillouin zone caused by the symmetry of the close-packed
face-centered-cubic (fcc) lattice; it thus permits improved tuning of the system’s refractive index and
widening of the photonic bandgap. Nanomaterials fabricated using the ALD method have been found
to be efficient charge (Yang et al. 2010), which can be used in the manufacture of solar cells,
batteries, and fuel cells. The positive-template approach of ALD permits the “tailoring” of surface
structures in 1D semiconductors that have large surface areas, allowing for greater control of a
device’s electrical, phonon, and ionic transport properties. The self-regulating nature of the ALD
reaction permits the direct formation of surface patterns, reducing the reliance on traditional
lithography for this purpose. The ALD ability to provide conformal coatings of high-κdielectric
materials (Ribes et al. 2005) offers the promise of industrial scaling of high-performance transistors
that would overcome the limitations inherent in conventional gate oxide. Already in use in a variety
of industrial applications (e.g., to deposit anti-tarnish coatings on silver jewelry), ALD promises to
play an important part in efforts to develop techniques for rapid and massively parallel production of
nanomaterials such as nanowire and nanotube arrays (Bae et al. 2008).
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DNA Nanotechnology
Researchers are having success using DNA as a template for patterning nanoscale materials with a
high degree of precision, thanks to its unique molecular-recognition properties and structural
characteristics (Aldaye, Palmer, and Sleiman 2008). The new field of DNA nanotechnology uses the
acid’s simple code to construct addressable 1D, 2D, and 3D nanostructures and control their motions.
The first steps toward DNA nanotechnology involved the creation of 2D DNA “tiles”; this was
followed by the fabrication of durable 2D junctions that can serve as stable lattices from which planar
tiles, branched junctions, and helix bundles can be constructed. By exploiting their sequence
symmetry to build struts and junctions, DNA strands can be used as architectural elements. Other 2D
and 3D structures can be fabricated using a variety of other techniques, including simple base pairing,
folded RNA molecules, polycatenation, and guanine-quadruplex formation. In “DNA origami,” long
strands of DNA are folded into complex 2D shapes and “stapled” using other, shorter strand
segments. DNA can also be assembled at the supramolecular scale by organizing inorganic and
organic assemblies through the use of intramolecular forces, which promises the ability to influence
the structure of assemblies and introduce different motifs. Furthermore, the use of synthetic
molecules can provide functionality to otherwise-passive DNA scaffolds. Although the use of DNA
nanotechnology to fabricate 3D structures is still in the earliest stages of development, progress is
being made in fabricating 3D structures by assembling them from 2D components. Progress depends
on the ability to correct errors that arise during assembly and the prevention of spontaneous assembly
of degenerate strands into undesirable products.
Aligned Single-Walled Carbon Nanotubes
Fulfillment of the promise of single-walled nanotubes (SWNTs) to replace silicon in applications
such as thin-film transistors and logic devices awaits the ability to fabricate densely packed, precisely
aligned, and electronically pure 1D arrays at an industrial scale (Cao et al. 2013). Progress toward
this goal has been made using the Langmuir-Schaefer technique of dispersing high-purity
semiconducting SWNTs in a 1,2-dichloroethane (DCE) solution on a water subphase, which allows
the SWNTs to cover the surface of the sub-phase in an even monolayer. When the DCE is then
evaporated, the SWNTs are able to float on the air–water interface where they form an isotrophic
phase. Uniaxial compressive force is then applied to assemble the SWNTs into well-ordered arrays,
from which they may be transferred horizontally onto substrates. In practice, the Langmuir-Schaefer
method has been found to provide greater SWNT alignment and higher yields than vertical transfer
(the Langmuir-Blodgett method). The Langmuir-Schaefer method has been shown to maintain the
near-perfect purity of the SWNTs so deposited, with negligible degradation.
Bottom-Up Assembly Strategies
DNA Superlattices
Oleg Gang of the Center for Functional Nanomaterials (CFN) at the Department of Energy’s
Brookhaven National Laboratory is harnessing the inherent plasticity and tunability of DNA chains
to design nanoscale systems and induce on-demand structural transformations (Gang 2012;
Seubert 2012; BNL 2015; Ye et al. 2016). Gang and his team are attempting to form superlattices
using DNA-encoded interactions among nanomaterial components. They also are exploring ways of
regulating morphology in situ and attempting to identify how phase behavior is governed. Gang’s
team has found that complementary DNA strands can be used as “linker” molecules to control the
directional binding of nanospheres and nanocubes. Thermal processing is required to achieve
uniform coating of the nanomaterials with the linker DNA. Potential applications for this kind of
rational nanoscale engineering include biosensors and optically active nanomaterials.
Nanocrystal Superlattices
Christopher Murray of the University of Pennsylvania Chemistry and Materials Science and
Engineering Departments is experimenting with the preparation of nanocrystal superlattices using
the binary crystallization of colloidal nanoparticles (e.g., Diroll et al. 2016). Murray’s team has
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developed a technique for synthesizing, separating, and assembling nanocrystals into solid films that
can be used in a wide variety of nanomaterials including semiconductor quantum dots, nanowires,
metallic and magnetic nanostructures, and semimetal and noble metal nanoparticles. Murray has
shown that these lattices are stabilized by a combination of static electrical charges as well as by
entropic, van der Waals, steric, and dipolar forces. Murray’s team has succeeded in fabricating over
15 binary nanocrystal lattices using this technique. Murray’s approach promises materials that have
precisely controlled chemical compositions and accurately placed components.
Optical Metamaterials
Cherie R. Kagan of the University of Pennsylvania, in collaboration with Murray’s group and that of
Nader Engheta, also at the University of Pennsylvania, is investigating the fabrication and properties
of optical metamaterials (University of Pennsylvania 2016). This involves attaching ligands to
nanoparticles so that they bind themselves into a lattice on a surface. The ligands are specially chosen
to be electronically transparent (i.e., they pass current between nanoparticles), and the resulting
ordered array exhibits certain band properties. Kagan’s group is exploring how to integrate the
chemical and physical properties of nanostructured and organic materials into a variety of electronic,
optoelectronic, optical, thermoelectric, and bioelectronic devices using chemistry, bottom-up
assembly, and top-down fabrication techniques. Research projects currently include plasmonic
materials, colloidal semiconductor nanowires, the surface chemistry of nanocrystals, nanocrystal
transport, flexible nanocrystal electronics, optoelectronic materials and devices, and organic
semiconductor transport.
GOALS FOR THE NEXT DECADE
Although the long-term vision for NMSD could be the complete replacement of CMOS
technology—where each of a billion transistors on a chip is a metal-clad section of carbon nanotube
and each gate is a sheet of graphene, etc.—the objectives that are realistically achievable in the next
decade are significantly more modest. They include:
1. Enhanced purification and isolation of nanomaterials such as quantum dots, nanotubes and 2D
sheets of graphene, dichalcogenides, and other 2D materials, including isolation of CNTs of
specific chiralities and hence band structures and transport characteristics.
2. Electrophoresis or other technologies for depositing various nanomaterials onto a prepared
substrate in precise locations.
3. More precise nanoscale offset printing techniques.
4. Improved methods of “dressing” nanoparticles with ligands and DNA-based materials for
achieving more complex system design using recognition chemistry.
5. Development of layering methods, analogous to epitaxy, in which sequential application of
differing nanomaterials can create structures varying in a “growth” direction.
6. Development of point-application or beam methods that are analogous to e-beam lithography
for “writing” localized, functional electronic structures.
7. Employment of nanomechanical properties of materials in conjunction with electrical
properties to achieve new forms of switches, logic devices, and memory cells.
8. Improved methods of creating ordered arrays of nanoparticles, nanotubes, nanowires, and 2D
sheets.
These are just a few of the possible goals for electronics from NMSD in the coming decade. For each
case, it is not yet clear what success will look like. But the overarching themes are precise positioning
of nano-elements and the development of new functionalities for ever more complex assemblies of
nanomaterials.
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INFRASTRUCTURE NEEDS
Many aspects of research in nanoscale electronics, photonics and magnetics demand access to
expensive equipment such as tools for epitaxy and nanolithography. These and numerous other items
of equipment must generally be housed in cleanroom facilities. This feature of nanoelectronics
research has been known for years and is by no means a unique feature of nanomodular materials
and the new problems related to assembly of nanoscale building blocks. The existence and
accessibility of nanotechnology-focused user facilities have been and continue to be critical to
progress in this field. These facilities include NSF’s National Nanotechnology Coordinated
Infrastructure centers (http://nsf.gov/news/news_summ.jsp?cntn_id=136211); five Department of
Energy user facilities (http://science.energy.gov/bes/suf/user-facilities/nanoscale-science-researchcenters/); and locally funded centers like the Albany NanoTech Complex of the State University of
New York (http://sunycnse.com/WorldClassResources.aspx).
As noted earlier, new top-down fabrication methods such as additive manufacturing (3D printing)
are beginning to come online. For example, Northeastern University’s NanoOPS (nanoscale offset
printing tool), mentioned earlier, is actually a cluster of tools for producing electronic devices with
feature size down to 25 nm on either traditional (silicon) or polymer substrates (Morse 2014; CHN
2014; Shen et al. 2013).
By contrast, bottom-up fabrication methods typically involve mechanisms such as chemical
recognition and self-assembly and take place in solution or on surfaces. Currently, the ability of such
methods to produce complex devices on the scale of modern day microprocessors is highly limited.
At best such self-assembly techniques can be used to create materials that are then input into more
laborious fabrication schemes for creation of final devices. Nevertheless, one advantage of bottomup strategies is that they are far less capital-intensive than top-down strategies. To perhaps
oversimplify, while e-beam lithography requires a million dollar machine, chemical self-assembly
can be done in a ten-dollar Erlenmeyer flask.
R&D STRATEGIES
Any discussion on research and development strategies in the field of electronics must begin with
the paradigmatic principle of Moore’s Law (Moore 1965), which postulates that the density of
components on an electronics chip and consequently the speed of the device will improve by a factor
of two roughly every two years. This empirical principle has served as a guideline (sometimes as a
self-fulfilling guideline) for the electronics industry for half a century. This progress has been brought
about by two main technologies, which find their manifestations in specific types of laboratory
equipment: epitaxy, represented by the molecular beam epitaxy (MBE) device, for example, and
lithography, represented by photo- or electron beam lithography tools and processing algorithms.
These tools alternatively build crystals and carve out structures in an approach that essentially defines
“top-down.”
The state of the art in “traditional” CMOS fabrication is the so-called 32 nm pitch technology that
employs high-k dielectric materials. NMSD has the promise to deliver far more refined devices using
carbon nanotubes (Cao et al. 2015) or other metamaterial devices (Shevchenko et al. 2006), as
discussed earlier, but the placement of the components is problematic from the viewpoint of
integrating these nanocomponents with fabrication based upon the top-down approach. The closest
top-down approach that can currently create actual circuitry is the “additive manufacturing” or 3D
printing approach (Shen et al. 2013). This technology cannot compete with standard CMOS at this
stage, but it has various niche applications, such as for flexible and/or transparent electronics.
Indeed, while the largest market in electronics is microprocessors, a successful R&D strategy for
NMSD must recognize the strength and inertia of current consumer product technologies.
Nanomaterials are highly flexible and can be employed in nearly any phase of material
manufacturing, even if the wholesale displacement of CMOS is currently unrealistic. Thus, support
for materials and device ideas that have near-term payoffs—presumably in applications other than
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advanced microprocessors—is advisable. In this context, complex multifunctional devices that
combine photonic and electronic features (e.g., photovoltaics, LEDs, electrochemical sensors,
memory cells, and supercapacitors) have a larger chance of success than technologies that can
produce a single, albeit nanoscale (5 nm), field-effect transistor.
As a final note, much has been said about the so-called “Valley of Death” in the progression of
funding for new technologies. The argument goes that although laboratory study of fundamental
principles can accrue research support, and funding for a promising product (a new type of LED, for
instance) might well be obtained from venture capital sources, there exists an intermediate,
precarious stage of technology development when most of the physical principles have been worked
out but the applications have not yet reached a stage of promise that attracts private investment. In
such cases, support for development of a new technology may well dry up due to reluctance to invest
by both public and private actors. The calculus whereby this Valley of Death kills potential
applications is complicated. The private funding for a project understandably depends on the
potential payoff and the cost of development in an inverse relation. Low return is acceptable if
investment is small; large investment can be justified if the market return is potentially huge. In any
event, a critical role exists for public funding agencies in the area of engineering and applied science
explicitly to guide research from the laboratory to the market. In this regime it is not publication but
rather definable progress towards a product that must serve as the metric of success. Precisely how
public funding can accomplish this is highly debatable because the metrics for success are so difficult
to define.
R&D IMPACT ON SOCIETY
Within the area of electronics, photonics, and magnetics, there are several new developments in
NMSD that will have a significant impact. The production of new materials is likely to outpace the
production of new devices as advances in bottom-up and self-assembly techniques—in addition to
refinement of monodispersity of nanoparticles and scaling up of the production of nano-elements—
continue to proceed at a rapid pace. The specific applications where major advances are anticipated
are in the field of energy storage, specifically supercapacitors and components such as electrodes of
higher-current-density batteries. In addition, all manner of materials are already being designed with
highly tailored interactions with the electromagnetic spectrum (including tailored bandgaps,
dielectric constants, and plasmonic resonances), which have a wide field of potential applications.
EXAMPLES OF ACHIEVEMENTS
SWNT-Enabled Photovoltaics
Michael S. Strano of the Massachusetts Institute of Technology is undertaking experimental and
theoretical work in the realm of SWNT-enabled photovoltaics through the mass fabrication of highly
pure single-chirality materials in which a film of highly purified (6,5) carbon nanotubes acts as the
active photo-absorption layer (Jain et al. 2012). Because of the difficultly in identifying a clear path
to performance improvement, Strano’s research group has studied fundamental SWNT photophysics
in order to derive a deterministic model of steady-state SWNT photovoltaic operation (Strano
Research Group n.d.). The group has also found evidence that the ability to tightly control the
electronic structure of SWNTs has enabled a higher Voc than obtained previously, and that a decrease
in power-conversion efficiency of over 30 times results from a 20% impurity by weight of a second
chirality of semiconducting SWNT (6,4) (Jain et al. 2012).
Wet-Spun CNT Fibers
Junichiro Kono and Matteo Pasquali of Rice University have developed a technique for massproducing wet-spun CNT fibers that have a greater ampacity than copper cable of equivalent mass,
making this process ideal for applications requiring lightweight power transmission (Wang 2014).
Pasquali’s group developed the CNTs in conjunction with Netherlands-based firm Teijin Aramid.
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3D Nanorods and Nanocrystal Superlattices
Cherie Kagan and Chris Murray at the University of Pennsylvania have had considerable success in
assembling nanoparticles, such as gold nanorods (Ye et al. 2012) and semiconductor nanocrystals
(Fafarman et al. 2011), into complicated arrays and superlattices. In Murray’s group, for instance,
the shapes and sizes of nanorods can be tailored so that tiling of a surface or a full 3D array can be
fabricated from a solution of nanoparticles. Applications include tunable plasmonic materials
(Metzger et al. 2014), photovoltaic layers and electronic devices such as field effect transistors
(Talapin and Murray 2005). In Kagan’s group, controlled chemical coupling via short ligands
between semiconductor and metal nanocrystals allows for the fabrication of electronically
transparent connections for the production of electronic metamaterials (Kim et al. 2012). One
advantage of the material is that it is a flexible conductor and can be used on polymer-based
substrates to produce both flexible and transparent electronic devices.
CONCLUSIONS AND PRIORITIES
How will nanoscale materials like graphene flakes, nanoparticles, carbon nanotubes, and
semiconductor nanowires be employed in combinations that perform new or improved electronic
functions? To date, the field of electronics, similar to other nanotechnology fields, has proceeded in
an ad hoc manner. Nanoscale building blocks are the new elements in the electrical engineering
toolbox, just as they are the new elements in the synthetic chemistry toolbox. However the most
refined facilities for engineering of electronic devices and their advanced capabilities in epitaxy and
lithography are based on growth of wafer-scale layers, followed by nanoscale patterning, not in
placement of nanoparticles at precisely defined locations. The closest approximation to an electronics
fabrication method that deals with nanoscale building blocks are the 3D printing approaches where
templates with designed vias can attract charged nanomaterials through some electrophoresis
mechanism. These approaches, exemplified by the NanoOPS project at Northeastern University
(Shen et al. 2013), show considerable promise but are still in their infancy, especially in comparison
to the powerful and well-established approaches of the CMOS industry.
But the absence of a tool that can place, unerringly, nano-elements precisely where they are needed
has not halted progress in fabrication of nanomaterials and devices with complex structures. Many
of the applications to date of complex nanomaterials, for instance, involve simple spin coating or
solution chemistry. The remarkable transport and thermal properties of carbon nanotubes have been
explored, and the technology of isolating CNTs with specific properties (e.g., specific chiralities) has
seen some remarkable success in recent years. Similar technologies of isolating and purifying
samples of well-controlled nanoparticles are already quite sophisticated. Finally, the isolation and
purification of 2D materials is also beginning to show progress. Simply having purified sources of
these materials allows researchers in individual laboratories to experiment with the creation of new
structures, including nanoparticle-coated CNTs for battery electrodes, electronically transparent
ligand connections between semiconductor nanoparticles for FETs, and deposition of graphene
sheets separated by dielectric materials for supercapacitors.
In these and many other cases, fabrication is not yet an exact science. Therefore, the main priorities
for future NMSD research should, at a minimum, include the following:





Improved fabrication, isolation, characterization, and purification of nano-elements including
nanoparticles, nanotubes, nanowires, and 2D materials.
Continued work on top-down methods of fabrication for nanomaterial-based structures using
electrophoresis and other related printing techniques.
Improved understanding of the interaction between nano-elements both in vacuum and in
solution. Particularly important is the quantification of van der Waals forces and their
continuum approximations.
Continued work on self-organized assembly using, for example, DNA and other chemical
recognition methods as well as ordered self-assembly employing external fields and other
directive levers.
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It should always be recognized that in a world with widely diverse consumer demands, the mere
existence of nanomaterials will naturally draw in inventors attempting to make better devices with
the new materials. Hence, the “design” portion of nanomodular materials and systems by design will
inevitably produce progress—possibly in areas that are unanticipated.
INTERNATIONAL PERSPECTIVES
Perspectives from Europe and Asia on the topic of NMSD as applied to electronics, photonics, and
magnetics are based largely on discussions that took place in a series of workshops and visits in
Europe and Asian in which study panelists participated in the spring of 2015. Although the
workshops and visits were planned based on activities at the visited sites and several sites’ ability to
attract researchers from nearby institutions, they did not necessary reflect all research and
development activities taking place in a given country. Details of specific presentations are provided
in the trip reports in Appendixes B and C, so they are not repeated here.
Europe
During their visits in Europe the WTEC panelists witnessed a number of impressive presentations in
electronics, photonics, and magnetics. As in the field of nanotechnology in general, European
researchers are seeking a way forward beyond the unique properties of nano-elements like graphene
and carbon nanotubes toward functional devices that incorporate these elements as functional
materials. One recent example is the work at the Vienna University of Technology on integrating
graphene into a photodetector by embedding sheets of graphene inside a Fabry-Perot microcavity
(Furchi et al. 2012). Despite the strong light–matter interaction in graphene, the short interaction
length of a single layer makes the optical absorption relatively weak. For optoelectronic devices a
stronger interaction is desired, and the work by these researchers displayed a cavity responsivity of
21
/ , strongly peaked at the design wavelength.
Another example of work in optoelectronics is from Alan Dalton’s group at the University of Surrey.
Overall, the group focuses on developing viable applications for nanostructured organic composites
(mechanical, electrical, and thermal). They also pursue work in the directed-assembly and selfassembly of nanostructures into functional macrostructures and more recently, interfacing biological
materials with synthetic inorganic and organic materials and associated applications. The work
includes a combination of top-down and bottom-up fabrication strategies. In one recent publication
(Jurewicz et al. 2014) the group fabricated inexpensive transparent conductors employing insulator–
conductor transitions in silver nanowire assemblies modified by graphene.
A number of graphene and “beyond graphene” workshops have been and continue to be held in
Europe. For example, the 2014 annual conference “Flatlands Beyond Graphene” was held in Dublin
Ireland in July 2014 (http://graphene.nus.edu.sg/content/event/flatlands-beyond-graphene-dublinireland-9-11-july-2014). These workshops focus primarily on graphene and other 2D materials such
as dichalcogenides; however, assembly of nanomaterials into more complex structures is within their
purview as well.
Finally, an important note with respect to Europe is the existence of a major funding program called
“Graphene Flagship.” This “Future and Emerging Technology Flagship” is a consortium
headquartered at Chalmers University in Sweden that coordinates 141 academic and industrial
research groups in 23 countries, and consists of a number of associated members. In October 2013,
the European Commission announced that it would make a €1 billion (≈US$1.3 billion) investment
in the project. See http://graphene-flagship.eu/ for more detail.
Asia
Considerable work in the area of NMSD is going on in Asia. The WTEC panelists found a wide array
of work and funding organizations in their visits to China, Japan, Korea, and Singapore.
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In terms of programmatic themes, the National Institute of Materials Science (NIMS) in Japan has
established a program entitled “The International Center for Material Nanoarchitectonics” (MANA)
at the NIMS site in Tsukuba, Japan. As its name implies, the MANA center embodies the ethos of
taking nanoscale elements and fabricating more complex structures. Founded in 2007, MANA is a
so-called World Premiere International Research Center Initiative (WPI) of Japan’s Ministry of
Education, Culture, Sports, Science and Technology (MEXT). MANA boasts over 80 publications
among the world’s top 1% by number of citations.
One particularly interesting example of research conducted at MANA is that done by the Osada
group on exfoliation of 2D materials by controlled doping of oxide nanosheets. In one work the group
controlled the doping in magnetic nanosheets of Ti1-x-yFexCoyO2 (Osada et al. 2014).
Another powerful program that is structured on the European model of research in graphene and
beyond is the Centre for Advanced 2D Materials and Graphene Research in Singapore. The Centre,
headed by Antonio H. Castro Neto, boasts Nobel Laureate Andre Geim on its scientific advisory
board and received an initial startup grant of $40 million in 2010 and has obtained various additional
grants since then.
Two other centers for research in China and Korea that require mention are the International Center
for Quantum Materials in Beijing, China, headed by Hongjun Gao, and the Graphene Research
Center at KAIST in Daejon, Korea.

4-ANNEX: THE NEEDS VISION FOR NMSD—A CASE STUDY IN SYSTEM-LEVEL
NANOELECTRONIC DEVICE DESIGN
Mark Lundstrom and Muhammad A. Alam2
Jaijeet Roychowdhury3
Luca Daniel4
NANOELECTRONICS IS EVOLVING; SO MUST THE DESIGN TOOLS
The progress of electronics from vacuum tubes to transistors to integrated circuit microelectronics
over the 20th century and, since the turn of the century, to nanoelectronics, has transformed the world.
Electronic systems are certain to play a critical role in the grand challenges that society now faces,
but this can be achieved only if the components used in integrated systems are diversified beyond
transistors or if transistors are used in novel ways. Indeed, our smartphones now contain billions of
transistors for computation, communication, and storage, but they also contain a myriad of other
devices such as imagers, gyroscopes, magnetometers, microphones, and speakers. Future systems on
a chip will be dominated in terms of numbers by transistors, but they will contain an increasing
diversity of nanodevices. More importantly, these heterogeneous integrated systems on chips will
interact with other, nonelectronic systems. Just like electronic systems, these systems consist of
modules with complex internal physics that interact with other modules through relatively simple
connections that follow well-defined rules, that is, circuit laws for electronic devices, or more
generally, energy and flux conservation laws associated with electrical, mechanical, chemical, and
biological systems.
In electronics, the concept of a compact circuit model that encapsulates the complex internal physics
of a component or module (i.e., a transistor or a complete subcircuit) as a simple model that can be
connected with other modules in electrical circuits has proven to be enormously powerful. It is the
starting point in the design of complex electronic systems. The power of the compact model derives
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from the fact that it forces a device physicist to isolate and succinctly describe the most
important features of a device and then describe self-consistently the implications of any change at
the device level on the system performance. Indeed, physics-based compact models provide a natural
connection between the first principles, atomistic scale where device and materials scientists work
and the large-scale systems that designers create. Well-calibrated compact models for electronic
devices have been critical to integrated circuit design.
We believe that this electronic device/circuit paradigm can be generalized to other types of
nanodevices and systems and that they can be described by appropriate circuits or compact models
according to appropriate rules. By extending the paradigm that has been so successful in electronics
to other types of devices and systems, the design of complex, powerful, and fundamentally new
systems can be enabled. For example, such an integrated approach is essential to meet the stringent
power, performance, and reliability budget of systems that use emerging components to enable the
Internet of Things (IoT).
To realize this vision, compact models for nanodevices are needed, but we also need to generalize
circuit theory to different physical domains, and we need a simulation platform that naturally
accommodates different types of devices and circuits. The electronics-focused work now underway
in the U.S. research and development effort termed Nanoengineered Electronic Device Simulations
(NEEDS) is taking the first step towards this broader vision of nanomodular systems by design.
NEEDS: NANOENGINEERED ELECTRONIC DEVICE SIMULATIONS
NEEDS is a visionary initiative funded by the National Science Foundation (NSF) and the
Semiconductor Research Corporation (SRC). Its mission is to exploit the capabilities of emerging
nanodevices to enable new types of systems and applications; its focus is on developing physicsbased compact models for novel nanodevices. To support the development of these models, NEEDS
is creating an open-source Model and Application Prototyping Platform (MAPP) that facilitates the
development, testing, and insertion of compact models into SPICE-like simulators. MAPP is
envisioned to be a multiphysics platform that accommodates electrical, optical, spintronic,
biological, thermal, mechanical, and other devices (modules) and circuits of these modules. The
NEEDS website (Figure 4.1) is becoming a significant resource for those who develop models for
nanodevices and for those who use these models for system design.
CIRCUITS AND SYSTEMS OF NANOMODULAR COMPONENTS
As a result of the work underway in NEEDS, theorists, researchers, and electronics engineers have
started to think more broadly about what is meant by “circuits.” Perhaps it is better to say “systems”
that use the devices for which we are producing models. For example, a recent work by John Rogers
at the University of Illinois at Urbana-Champaign (UIUC) describes a wireless optogenetic probe
powered by multijunction solar cells and a radio-frequency (RF) energy harvester that allows
monitoring of neural activity of a mouse in a native, social environment (Park et al. 2015). This type
of system based on stochastic photovoltaic or RF energy harvesters requires tight integration of optics
and electronics; similarly, implantation of the microLED as the source and an optical detector as the
probe of neural activities involve molecular-scale interactions between liquid chemistry and
semiconductors; and so on. In this context, the word “circuit” means a hierarchical system of
interconnected components that exchange information and energy, not just using electrical quantities
but any kind of other quantities from mechanical to optical to spintronic to biological in other
settings.
The design ecosystem for such systems requires two things: (1) a modeling framework that can
integrate electrical, mechanical, optical, and chemical components; and (2) physics-based models that
describe the elementary process. Both issues are discussed below.
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Figure 4.1. The NEEDS website provides access to nanodevice models, tools for developing models, and
educational resources on developing compact models and on the underlying science of the
models (http://needs.nanoHUB.org).

MAPP: MODEL AND ALGORITHM PROTOTYPING PLATFORM
While the original goal in developing MAPP was to support the development and testing of compact
models for electronic systems, MAPP was designed at the outset with a broader vision. The MAPP
modeling framework will allow the generation of models of components that are interconnected not
necessarily by electronic circuits but, rather, any kind of “system,” including (but not limited to) all
the physical domains mentioned above. MAPP is designed from the ground up to allow this in a
simple and flexible manner. As illustrated in Figure 4.2, each device in MAPP consists of a core
module surrounded by one or more “network interface layers” (NILs), each of which contributes
“ports” in a physical domain (such as electrical, optical, or chemical) to the device. Each NIL
contributes information about quantities in its physical domain and how they interact with other
devices in the network (e.g., voltages/currents, and Kirchhoff’s voltage/current laws for the electrical
domain; concentrations/rates and the law of mass action for the chemical domain; and so on). The
core module of the device “mixes” these quantities together mathematically, thus enabling
multiphysics interactions. MAPP is an open-source, Matlab-based platform that can be accessed from
the NEEDS website.
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Figure 4.2. Illustration of MAPP. Models are specified in a Matlab-compatible model specification language,
ModSpec, and they interact through different network interface layers (NILs). MAPP can be
accessed at http://needs.nanoHUB.org.

CASE STUDY: PHYSICS-BASED COMPACT MODELS FOR DROPLET BIOSENSORS
The NEEDS library contains a growing collection of physics-based compact models for solar cells,
nanotransistors, microelectromechanical systems (MEMS), optical components, spintronic devices,
and so on. An illustrative example is a compact model for lab-on-chip (LOC) biosensors, which
highlights both the deep physical insights needed to develop a compact model as well the
effectiveness of such a model in a system context.
A portable, miniaturized LOC biosensor must be able to characterize a solution containing relatively
few biomarkers. Among various options, a droplet-based non-Faradic biosensor offers the highest
performance with the smallest analyte volume. Figure 4.3(a) shows a state-of-the-art LOC system
with an array of droplets containing the biological sample spotted on linked devices (Salm et al.
2013). The droplets are individually addressable, and an impedance characterization method can be
used to determine the type and concentration of the biological sample (Ebrahimi et al. 2013; Dak,
Ebrahimi, and Alam 2014; Ebrahimi and Alam 2015). Figure 4.3(b) shows a zoomed-in view of the
droplet. The surface of the sensor is so designed (by using nanoscale roughness associated with
etched metal surfaces) that the contact of the droplet is pinned. The droplet is allowed to evaporate,
and impedance is measured as a function of time (and frequency) to determine the concentration of
biomolecules. This type of sensor fundamentally beats the diffusion limit of detection as the
biomolecules are forced to come near the sensor surface as the droplet evaporates. The impedance
of the droplet containing the biomolecules can be represented in terms of circuit components (Dak,
Ebrahimi, and Alam 2014) such as resistor and capacitors, as shown in Figure 4.3(c).

Figure 4.3. Illustration of a droplet-based sensing platform: (a) Array of droplets spotted on a chip (adapted
from Salm et al. 2013); (b) As the droplet evaporates, the biomolecules are forced to reach near
the sensor surface, improving the signal; (c) An equivalent circuit model for droplet impedance.

A physics-based approach to this problem is essential; the effects of evaporation are reflected in the
parameters of the compact model through the droplet’s evolving shape. The screening of electrical
charges at the non-Faradic contact and the response of the solution must be accounted for. Most
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importantly, the extraction of parasitic capacitance is essential to interpret the experimental results.
The compact model has been essential in optimizing the sensors (Ebrahimi et al. 2013; Dak,
Ebrahimi, and Alam 2014), in designing new genome sequencing protocols (Ebrahimi and Alam
2015), and in interpreting bacterial viability through osmoregulatory processes (Ebrahimi and Alam
2016). The model enables other uses of droplet-based sensors: it can also be used to carry out
ultralocalized thermal reactions (Salm et al. 2013) and electrostatic desalting for improved sensitivity
(Dak and Alam 2014; Swaminathan et al. 2014; Swaminathan et al. 2015).
CONCLUSIONS (4-ANNEX): LOOKING FORWARD AND LOOKING BACK
Nanotechnology promises to transform the world by addressing the grand challenges of our time.
Over the last 20 years, nanotechnology research has focused on developing new materials (e.g.,
carbon nanotubes, 2D materials, metamaterials, etc.) and novel device concepts (e.g., spintronic
switches and negative capacitor Landau switches). We have now an opportunity to integrate these
transistors, sensors, and optical components within a coherent system to address fundamental
problems of energy, healthcare, security, and environment. The NEEDS initiative is creating the tools
and resources required while framing the conceptual foundations of this system-level approach to
nanoelectronics.
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NANOMATERIAL-BASED SENSORS
Nanotechnology has allowed new applications of nanomaterials in electrochemical sensors and
biosensors, and nanomaterials are promising candidates to increase sensitivities and lower detection
limits (Holzinger, Le Goff, and Cosnier 2014). Among such nanomaterials, metal nanoparticles
(NPs), metal alloy NPs, nanowires, carbon nanotubes (CNTs), graphene, and molybdenum disulfide
(MoS2) have been studied and used as electrical connectors between the electrodes and the reduction–
oxidation (redox) centers of the biomolecules.
Graphene and MoS2-Based Sensors
The unique properties of graphene—fast electron transportation, high thermal conductivity, excellent
mechanical flexibility, and good biocompatibility—give it potential applicability in electrochemical
biosensors. Shan et al. (2009) Figure 5.1 reported a first graphene-based glucose biosensor with a
graphene/polyethyleneimine-functionalized ionic liquid nanocomposites modified electrode that
exhibits wide linear glucose response (2 to 14 mM, R=0.994); good reproducibility (the relative
standard deviation of the current response to 6 mM glucose at -0.5 V was 3.2 % for ten
measurements); and high stability (response current +4.9 % after 1 week). Kang et al. (2009)
employed biocompatible chitosan to disperse graphene and construct glucose biosensors. It was
found that the chitosan helped to form a well-dispersed graphene suspension and immobilize the
enzyme molecules, and graphene-based enzyme sensors exhibited excellent sensitivity (37.93 μA
mM-1 cm-2) and long-term stability for measuring glucose. Zhou, Zhai, and Dong (2009) reported a
glucose biosensor based on chemically reduced graphene oxidase. The graphene-based biosensor
exhibits substantially enhanced amperometric signals for sensing glucose, with wide linear range
(0.01-10 mM), high sensitivity (20.21 μA mM-1 cm-2), and a low detection limit of 2 μM.

Figure 5.1. MoS2, with its highly flexible and transparent nature, can offer new opportunities in advanced
diagnostics and medical prostheses. This fusion of desirable properties makes MoS2 a highly
potential candidate for next-generation biosensors (Shan et al. 2009).
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Graphene field-effect transistor (FET) biosensors also have been demonstrated that show high
sensitivity and selectivity for the target naltrexone, an opioid receptor antagonist, with a detection
limit of 10 pg/mL with the advantages of direct electronic readout (Lerner et al. 2014).
MoS2 provides extremely high sensitivity and at the same time offers easy pattern ability and device
fabrication due to its 2D atomically layered structure. Sarkar et al. (2014) demonstrated FET protein
biosensors based on MOS2 that achieved a sensitivity of 196 even at 100 femtomolar concentration.
Very recently, scalable production of MoS2-based biosensors has been reported (Naylor et al. 2016).
Carbon Nanotube-Based Sensors
Compared to most commercially available sensors, usually based on metal oxides, silicon, and other
materials, the CNT-based biosensors have great advantages, such as the following: (1) high
sensitivity: because of the large surface area ratio and hollow pipe, CNTs can be used to immobilize
enzymes; (2) fast response time: CNTs have an outstanding ability to mediate fast electron transfer
kinetics, hence promote electron-transfer reactions like those between hydrogen peroxide and the
nicotinamide adenine dinucleotide (NADH); (3) lower potential for redox reaction; and (4) high
stability and longer lifetimes (Wang, Musameh, and Lin 2003).
Appropriate functionalization of the carbon material with redox active sites is necessary for mediated
electron transfer (via electron shuttle). One particular case of mediated electron transfer is the use of
the enzyme-specific co-factor. As already demonstrated by Xiao et al. (2003) for glucose sensors
using gold nanoparticles as electron carriers, flavin adenine dinucleotide (FAD) was also attached to
carbon nanotubes, enabling the direct electrical contact with glucose oxidase for a glucose biosensor,
as shown in Figure 5.2 by Patolsky, Weizmann, and Willner (2004).

Figure 5.2. Assembly of the single-wall CNT (SWCNT) electrically contacted glucose oxidase electrode
(Patolsky, Weizmann, and Willner 2004).
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Besteman et al. (2003) indicated the particular electric properties of CNTs were used in FET
biosensor setups where changes of the conductivity of the CNT channel or the modulation of the
Schottky barrier after the biorecognition event led to high sensitivities and low detection limits down
to single molecules. Wang, Musameh, and Lin (2003) used Nafion as a solubilizing agent for CNT
for creating CNT-based biosensing devices. CNT/Nafion/GOx (glucose oxidase)-coated electrodes,
coupling the electrocatalytic detection of hydrogen peroxide with the permselectivity of Nafion,
offered a highly selective low-potential (- 0.05 V) compared to silver–silver chloride (Ag/AgCl)
biosensing of glucose. A review of carbon nanotubes and graphene-based glucose biosensors and its
three generations introduced so far was given by Zhu (2012).
Nanoparticles and Nanowires
Within the group of noble metal nanoparticles, gold (Au) nanoparticles are mostly used for biosensor
applications due to their biocompatibility, their optical and electronic properties, and their relatively
simple production and modification (Li et al. 2015). Nanoparticles have been used in various types
of sensor applications, including colorimetric, fluorescence, and surface-enhanced Raman sensing
(SERS). Xiao et al. (2003) proposed an original approach by the reconstitution of apo-GOx (GOx
without the cofactor FAD) with a FAD-modified gold nanoparticle, as shown in Figure 5.3. This
work even demonstrated that the as-reactivated enzyme showed a seven-fold improved electron
transfer turnover rate compared to the natural electron transfer rate to oxygen.

Figure 5.3. (A) Assembly of Au-NP (gold nanoparticle)–reconstituted GOx electrode by (a) the adsorption
of Au-NP–reconstituted GOx to a dithiol monolayer associated with an Au electrode, and
(b) the adsorption of Au-NPs functionalized with FAD on the dithiol-modified Au electrode,
followed by the reconstitution of apo-GOx on the functional NPs. (B, at right) A STEM
[scanning transmission electron microscope] image of GOx reconstituted with the Au-FAD
hybrid NP. Arrows show Au clusters (Xiao et al. 2003).

Recently, a new glucose biosensor was fabricated by covalent immobilization of GOx on magnetic
nanoparticles (Fe3O4) (Chaichi and Ehsani 2016). Gold nanowire arrays (AuNWAs) were utilized to
construct glucose biosensors in combination with carbon nanotubes and reduced graphene oxide
(rGO) nanosheets (Qin et al. 2016). The results demonstrated that glucose biosensors based on carbon
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nanomaterials/AuNWAs presented an excellent performance at a low working potential of −0.2 V
versus Ag/AgCl (3 mol/L KCl), such as high sensitivity and good anti-interference ability. The
glucose biosensor based on glucose oxidase (GOx)–CNT–AuNWAs showed a wide linear range
from 100 to 3,000 μmol/L with a sensitivity of 4.12 μA/cm2 mmol/L.
Nonenzymatic Sensors
Most glucose biosensors are based on a GOx because the GOx can identify glucose target molecules
quickly and accurately through catalyzing glucose to gluconic acid and H2O2 (Zhu et al. 2010).
However, common and serious problems about the GOx are its high price and insufficient long-term
stability. It can be easily affected by temperature, pH value, humidity, and toxic chemicals, due to
the nature of enzymes (Wilson and Turner 1992). Beyond that, complicated procedures (including
adsorption, cross-linking, entrapment, and electropolymerization) are required to immobilize
enzymes on solid electrodes, leading to a decrease in the activity of the enzymes (Kang et al. 2007).
Metal/metal oxide-based catalysts, like Cu (Kang et al. 2007), CuO and MnO2 (Jiang and Zhan 2010),
and Ni (Lu et al. 2009) were applied to modify the electrodes for non-enzymatic determination of
glucose. Electrooxidation of glucose to glucolactone can be attributed to the redox reaction of metal,
like M(III)/M(II) (M = Ni or Cu). To further improve the sensitivity, carbon nanotubes can be
employed because the CNTs can promote fast electron transfer kinetics for glucose oxidation (Lu et
al. 2009) and provide a large surface-to-volume ratio (García-Gancedo et al. 2011).
Chemical Sensors
It has been demonstrated that CNT electronic properties can be extremely sensitive to the
environment due to gas molecule adsorption. The electrical resistance of SWNTs shows significant
changes when exposed to different gases. Nanomaterials have been used as chemical sensors,
including a carbon nanotube sensor for detecting hydrogen sulfide (H2S) gas by redox reactions based
on SWCNTs functionalized with 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) as a catalyst
(Figure 5.4). The current changes in the sensor result from the redox reactions in the presence of H2S.
The semiconducting-SWCNT (s-SWCNT) device functionalized with TEMPO shows a very high
sensitivity of 420% at 60% humidity, which is 17 times higher than a bare s-SWCNT device under
dry conditions. Tesults showed high sensitivity and low power consumption, potentially at low cost.

Figure 5.4. (a–d) Scanning electron microscope (SEM) images setup for assembled SWCNT array devices;
(e) an optical image of wafer-scale sensor devices; (f) chemical structure of TEMPO molecules;
(g) real-time current changes as a function of concentration of H2S gas at 10, 25, 50, 75, and
100 ppm for the functionalized SWCNT sensor (Jung et al. 2013).
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ENERGY STORAGE USING NANOMATERIALS
Commercial Batteries
The manufacturing process for making most types of batteries is very similar. The battery’s active
material (such as lithium manganese oxide) must first be mixed into a slurry suitable for spreading
onto a substrate. This slurry contains the active material for either the cathode or anode in a solvent
as well as a conductive additive (usually carbon) and a binder. To keep the cell’s energy density as
large as possible, the percentage of the last two ingredients is kept to a minimum. The carbon is
added to improve the conductivity within the electrode, as many active materials used in batteries
are insulating or semiconducting. The binder, generally a polymer, is added for adhesion so that the
material stays in contact with the current collector and does not flake off during fabrication or
cycling. Once this slurry is well mixed, it is coated onto the current collector: usually aluminum foil
for the cathode and copper foil for the anode. The current collector provides structural stability for
the electrode and an electrical connection to the terminals of the battery. The coating, or calendaring,
process can yield micron-precision active material layers, which allows the battery to be tuned to the
right application (high-power or high-energy). The electrode is then heated until dry and compressed
to ensure good contact with the current collector. It is then cut to the appropriate size and hermetically
sealed in a metal container that provides the external circuit contacts (Ates et al. 2013).
Requirements for the next generation of batteries include charging and discharge rate of “1C” (a
charge and discharge cycle in one hour) or greater, energy density large than 300 W-hr/kg, and a
useful life (larger than 20,000 cycles). In addition, such a battery should also have a thermal cycle
survivability of -40 oC to +75 oC and a significant reduction or elimination of thermal runaway.
Structural Batteries
Liu, Sherman, and Jacobsen (2009) introduced a design of lithium ion batteries with tunable
mechanical properties from elastic to structurally rigid structures. Their design was based on a fiberreinforced polymer composite structure based upon a high molecular weight polyvinylidene fluoride
(PVDF) matrix, achieving a modulus of 3.1 GPa and an energy density of 35 Wh kg−1. The structural
battery was built using carbon fiber–reinforced PVDF composite with good mechanical strength and
modest energy storage capabilities. The authors pointed out that further advancement in developing
polymer electrolytes with robust mechanical properties is necessary to fully realize the potential of
multifunctional structural batteries. Figure 5.5 shows the electrochemical performance of the structural
cathode using a liquid electrolyte half-cell (using lithium as a counter electrode).

Figure 5.5. The discharge voltage of a structural electrode made with modified carbon nanofiber compared
with a conventional electrode without the nanofiber. The reported capacities are normalized to
the weight of LiCoO2 in the electrodes (Liu, Sherman, and Jacobsen 2009).
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As shown in Figure 5.5, the cell was charged to 4.2 V, and the electrode was discharged at 0.1 mAcm2
to 3 V. A specific capacity of 90 mAh g-1 for the LiCoO2 structural cathode was obtained as
compared to 143 mAh g-1 for a conventional electrode. This reduction in capacity (by almost half) is
due to the slower kinetics in the structural electrode.
Nanoscale Battery Materials
Commercial batteries currently rely mainly on microsized active material particles; however, there
are many reasons that reducing the particle size to the nanoscale can result in better performance in
lithium-ion batteries. One of the most important reasons is represented in the following equation for
the lithium ion diffusion time:

Here, τ is the characteristic ion diffusion time, Lion is the ion diffusion length, and DLi is the ion
diffusion coefficient, which is dependent on the material used. The diffusion time is proportional to
the square of the ion diffusion length, and because nanomaterials have significantly smaller diffusion
lengths (Balke et al. 2010) due to the smaller particle size, this has a large impact on the diffusion
time. This improves both the power density and rate capability of the cell because lithium ions can
be inserted and extracted faster than cells using microscale active material (Wang et al. 2010).
Nanomaterials often behave very differently from their micro- or macroscale counterparts, and this
can be seen in the storage of lithium ions. It has been shown that shrinking particles from microsize
to nanosize results in novel lithium ion storage mechanisms, such as the formation and decomposition
of lithium oxide. The decreased ion diffusion length of the nanoparticles also makes new ion storage
sites accessible within the charging time, resulting in better utilization of the active material (Liu et
al. 2012; Poizot et al. 2000).
Nanoparticles also have a large surface area–to-volume ratio as compared to microscale or
macroscale materials, and this enhanced surface area gives better contact between the electrolyte and
the active material. This makes new interfacial ion storage sites easily available, which further
improves material utilization, but it also results in better rate capability and cycle life for the cell
because the storage of lithium ions in surface sites is highly reversible (Wang et al. 2010). Another
major advantage of nanoscale materials is their structural integrity. It is much more difficult to crack
or break apart nanoscale particles than microscale or bulk material. This results in better cycle life,
especially in the case of materials such as silicon, which expand considerably upon lithium insertion
(Wang et al. 2010).
Use of nanomaterials also has disadvantages. Due to the inherent porosity of nanomaterial layers, the
packing density is low, making the volumetric energy and power densities low as well. In addition,
the high surface area of nanoparticles—although in some ways an advantage as discussed above—
increases unwanted reactions with the electrolyte such as a buildup of an overly thick solid electrolyte
interphase (SEI) layer. Another drawback is the manufacturing of nanomaterials. Many require
complicated and costly synthesis procedures and require use of hazardous materials. Nanomaterials
themselves can also be a health hazard, and many have not yet been thoroughly studied for long-term
health and environmental impacts, although that work is well underway. Past studies have indicated
some toxicological effects for CNTs, although full evaluations have not yet been done. Studies have
conducted material flow analysis (MFA) to predict the technology transition from conventional Liion batteries for portable computers to CNT Li-ion batteries and the subsequent waste generation of
CNTs in obsolete laptop batteries (Espinoza et al. 2014). A similar study was also conducted on the
life cycle impact of carbon nanotube-based sensors (Gilbertson et al. 2014)
Some of these disadvantages could be addressed using composite material electrodes. The packing
density issue, for example, could be lessened by using both micro- and nanoparticles, where the
nanoparticles would fill in the small gaps between the microparticles. Conductive carbon coating

Ahmed Busnaina and A. T. Charlie Johnson

63

over the nanoparticles could mitigate the problem of detrimental surface interactions with the
electrolyte, while still maintaining the ion storage enhancement provided by the extra surface area.
Additionally, this would improve the conductivity of the electrode as a whole, since many electrode
materials are insulating or semiconducting (Wang et al.2010).
Nanomaterials exist in many forms, each of which can have advantages and disadvantages when
used in an electrode. Some of these forms are shown in Figure 5.6. Nanoparticles (Figure 5.6a) are
most common and easiest to fabricate, leading to relatively low-cost production. Another common
form is nanowires (Figure 5.6b), which offer an attractive morphology that does not tend to
agglomerate, has a lower electronic resistance, and higher packing density than plain (roughly
spherical) nanoparticles. They are more complex to synthesize than particles, and the process has
limitations; however, they are promising candidates for many battery applications (Hosono et al. 2009).
Another structure is the hollow tube or sphere (Figure 5.6c). One of the main attractions to this
structure is an even shorter ion diffusion length than regular nanoparticles, resulting in excellent rate
capability. Additionally, the hollow structure allows expansion into the inner void during charging,
which eases mechanical strain on the electrode and leads to a more stable cycle life; this is especially
important for materials such as silicon. The drawback to this design is again a more complicated and
therefore more costly synthesis process (Liu et al. 2012; Wu et al. 2012; Hu et al. 2008). Another
approach is to arrange particles into an ordered mesoporous structure (Figure 5.6d). Mesoporous
materials have short ionic transport lengths, high surface area for reversible lithium ion storage, and
an ordered structure that facilitates ionic movement well (Jiao and Bruce 2007; Luo et al. 2007).

Figure 5.6. Nanomaterials: (a) nanoparticles, (b) nanowires, (c) hollow spheres, (d) mesoporous array.
(Kotz 2016).

Electrode Architectures
The way a material is arranged within an electrode can have a large impact on a battery’s
performance. Battery architectures can be classified into three categories based on dimensionality:
1D, 2D, and 3D. One-dimensional designs are the simplest in concept: a single layer of active
material is applied to a current collector for each electrode. The material within this layer can be
arranged in a three-dimensional manner, such as vertically aligned posts, but they still take on a
parallel plate design. Although limited in total active material loading and therefore in capacity, 1D
architectures do have value: electron transport is very direct since there is no complicated network
of material to navigate through. Many 1D designs are also very physically robust due to their
uncomplicated nature, although this is not necessarily true: the aforementioned vertically aligned
posts, for example, are more vulnerable than films.
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Two-dimensional designs consist of some kind of layered structure or scaffolding on which the active
material is deposited. Generally this scaffold is made up of a conducting material such as carbon to
enhance the electrical conductivity within the electrode. 2D designs maintain the mechanical
robustness of 1D electrodes while allowing for higher active material loading within the same
footprint area (Jia et al. 2012).
Three-dimensional architectures integrate the cathode and anode materials within the cell such that
the distances between them remain very small, which keeps ion transport time short, yet the
maximum amount of material is included within the allowed footprint. Examples of 3D cell
arrangements are shown in Figure 5.7. The major advantage of these configurations is that energy
density is increased due to the amount of material present, but power density is not sacrificed because
of the small separation between the anode and cathode. The main disadvantage of 3D architectures
is manufacturing methods: currently there is no way to produce 3D cells cost-effectively on a large
scale, which limits commercialization (Jiang et al. 2012; Long et al. 2004; Rolison et al. 2009).

Figure 5.7. Examples of 3D cell architectures: (a) interdigitated rods, (b) interdigitated plates, (c) anode rod
array coated with thin electrolyte layer and surrounded by cathode material, and (d) “sponge”
architecture with electrolyte-coated cathode particle network surrounded by anode material
(Rolison et al. 2009).

Multilayered Electrode Architectures
Three-dimensional architectures integrate the cathode and anode materials within the cell such that
the distances between them remain very small, which keeps ion transport time short, yet the
maximum amount of material is included within the allowed footprint (Figure 5.8). The major
advantage of these configurations is that energy density is increased due to the amount of material
present, but power density is not sacrificed because of the small separation between the anode and
cathode. The main disadvantage of 3D architectures is manufacturing methods: currently there is a
dearth of manufacturing methods capable of producing 3D cells cost-effectively on a large scale,
which limits commercialization (Jiang et al. 2012; Rolison et al. 2009; Long et al. et al. 2004).
Current state-of-the-art lithium ion batteries have a specific energy of 350 W-hr/kg. Recent research
efforts have made progress toward incorporation of three-dimensional battery architectures with
increased performance. Graphitic carbon materials are currently used as electrodes in state-of-the-art
lithium ion batteries.
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Figure 5.8. Multilayered CNT-based cathode (Shah 2014).

To study intercalation of lithium with LiMn2O4/MWNTs, commercially available multiwalled
nanotubes (MWNTs) have been assembled employing directed assembly on an aluminum substrate.
Subsequently commercially available LiMn2O4 nanoparticles are assembled on the top of MWNTs.
An SEM micrograph of the assembled LiMn2O4 on a MWNT/Al substrate is shown in Figure 5.8 and
is covered in the following references and patent: Busnaina, Somu, and Shah 2014 (patent); Ates, Jia,
et al. 2014; Shah, Kotz, et al. 2014; Kotz et al. 2014; Shah, Ates, et al. 2014; Ates, Shah, et al. 2013;
and Shafiee et al. 2015.
Electrode nanomaterials could be assembled, spun, or sprayed, or use other processing techniques.
Here the batteries shown are made by simply spraying the carbon nanotubes and active materials.
The MWNT could be sprayed (using nanotubes suspended in isopropyl alcohol [IPA]) on an
aluminum electrode or could be used without the aluminum electrode. The active material solution
containing carbon black and a binder such as PVDF is also suspended in IPA, and each layer (either
CNT or active material) takes a few minutes to apply. After the electrode is made, the same procedure
of baking and pressing is followed before constructing the cell. The effect of the layered architecture
on the cathode was investigated and was found to demonstrate good capacity and a higher power and
energy output than standard fabrication cathodes. The layered architecture also enhanced the rate
capability, and cycling at a high rate and was found to be stable over 100 cycles. For example, results
have shown an improvement that give three times more capacity for the same active materials (lithium
manganese oxide, LMO), at 2C with minimal fading as shown in Figure 5.9.

Figure 5.9. Cycling showing the discharge capacity of lithium manganese oxide (LMO)/carbon nanotube
interconnected multilayer spray-casted cathode versus cycle number. The capicty of the hald
cell multilayer cathode is compared to a standard half cell. C/20 indicates a 20-hour charge and
discharge cycle, 1C indicates a one-hour cycle where 5C indicate a one-fifth of an hour cycle
(Kotz 2016).
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CONCLUSIONS AND PRIORITIES
The use of 0D and 1D nanomaterials has been utilized for the past two decades for making a variety
of bio and chemical sensors as well as energy storage applications. Recently, we have seen the
adoption of 2D materials for sensing applications as well as energy storage applications. Most of
these applications, if they do not include supporting electronics, are easier to manufacture than
electronics applications. For example, the most complicated use for a sensor is an array of threeterminal channel sensors (a field-effect transistor, FET)–based system. Other may include twoterminal channel sensors (chemi- or bioresistive sensor) or channel that could detect an increase in
current such as amperometric sensors such as glucose or lactate sensors. Although, the geometry and
need for patterning is less challenging compared to manufacturing electronics with complicated
circuitry, barriers such as scalability, speed, yield, reliability, adaptability, and integration of different
components need to be addressed for commercialization. Some of these barriers could be addressed
by utilizing directed assembly-based manufacturing techniques as discussed in Chapter 3. However,
manufacturing of energy storage application have much less need for micro or nanoscale patterning
and therefore could utilize conventional approaches.
Transitioning current nanomaterials-based applications, especially for sensors and energy
applications, into commercial products offers a faster path to commercialization as compared to
electronics. Commercialization of such technologies will also accelerate development for many other
applications in aerospace, electronics, sensors, medical devices, and advanced materials.
INTERNATIONAL PERSPECTIVES
Perspectives from Europe and Asia on the utilization of NMSD as applied to sensing and energy
applications are based on a series of workshops and site visits in Europe and Asia in which the WTEC
panelists participated in the spring of 2015. Although a large number of researchers and institutions
participated in the workshops, this perspective does not necessary reflect all research and
development activities taking place in these countries. Details of specific presentations and site visits
are provided in the trip reports in Appendixes B and C.
Sensors R&D and Applications in Europe
Ireland: The effort at School of Physics and CRANN/AMBER) led by Dr. Jonathan Coleman in the
large-scale production of 2D materials by liquid exfoliation has been applied to sensor applications
in addition to other applications such as printed electronic devices and energy storage devices. Dr.
Duesberg’s work is focused on CVD growth of 2D materials such as MoS2, WS2, MoSe2, WSe2, and
ReS2. His work is utilized by CRANN researchers for sensors and other applications.
UK: The Centre for Innovative Manufacturing in Large-Area Electronics at the University of
Cambridge is funded by the UK’s Engineering and Physical Sciences Research Council (EPSRC).
The focus of the center is the multifunctional integration of large-scale electronic components that
include new materials such as nanotubes and graphene. Systems integration is a major focus in
modular systems that contain printed electronic components with silicon for smart sensors and other
applications.
Batteries R&D and Applications in Europe
UK: The Cambridge Graphene Centre and the materials chemistry group at the University of
Cambridge are focused on fundamental studies of graphene and related materials (including reduced
graphene oxide [RGO] electrodes) for energy storage applications, specifically lithium-ion batteries.
Members of Professor Clare Grey’s group have been developing novel electrodes based on RGO for
Li-ion and Li-oxygen batteries for high-capacity cells. In addition, fundamental studies of solid
electrolyte interphase (SEI) formation in graphene and graphene-based electrodes have been
conducted using in situ techniques developed in their lab.
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At University College London (UCL), the Clean Materials Technology Group works on
hydrothermal nanoparticle synthesis and the applications of the nanoparticles. Their research was
motivated by principles of green chemistry (e.g., in environment-friendly solvents), an ability to scale
nanoparticle production to industrial quantities, high-throughput discovery of new materials, and
application of nanoparticles to such areas as energy storage via battery technology and transparent
conducting oxides. Prof. Jawwad Darr’s synthesis methods include sustainable manufacturing of
transparent conducting oxide inks and films, and nanosized vanadium-doped lithium iron phosphate,
produced for battery applications in the group’s pilot-plant apparatus. Ability to produce large
quantities of a wide variety of different types of nanoparticles using green chemistry principles is a
powerful combination for effectively creating nanomodular systems.
The Electrochemical Innovation Laboratory (EIL) is a joint effort involving UCL’s Chemistry,
Mechanical Engineering, and Chemical Engineering departments. The laboratory involves over 40
researchers and also acts as an incubator to accelerate technology commercialization. The EIL
maintains a suite of instruments that provide quantitative tomography capabilities at scales that range
from millimeters to nanometers. It focuses on several important energy-related applications and the
engineering of low-cost and bio-inspired fuel cells. That includes characterizing structure and
transport properties (e.g., redox flow) in battery components during operation to develop new
technologies and ascertain failure mechanisms. The bio-inspired fuel cells work is part of a Centre
for Nature-Inspired Engineering program directed by Prof. Marc-Olivier Coppens at UCL.
At Imperial College London (ICL), the Energy Futures Laboratory (EFL), which is supported by
both industry (40%) and non-industry (60%) sources, is focused on five themes: Low Carbon
Transport, Clean Fossil Fuels, Sustainable Power, Energy Infrastructure, and Policy/Innovation.
Each of these have multiple research topics. The research focuses on structural supercapacitors and
batteries. The EFL also utilizes hierarchical structures for energy harvesting by taking advantage of
the motion of a flexible (or liquid) electrode as an alternative to piezoelectric energy harvesting.
Additional ICL work (by Professors Paul Boldrin and Nigel Brandon) focuses on approaches to
developing, characterizing, modeling, and measuring the performance of new materials for fuel cell
applications. In the area of scaffold manufacturing, structures were created from nanoparticle
slurries/inks that were then processed by thermal, chemical, and electrochemical methods to produce
nanoporous electrodeposits.
Sensors R&D and Applications in Asia
China: Research at Peking University was focused on the challenges of doping carbon nanotubes,
the inaccessibility of substitutional sites, and the influence of mobility for carbon-based
nanoelectronic devices and sensors. The group of Prof. Lianmao Peng works on graphene-based Hall
sensors (see Figure B.13) including noise, sensitivity, and integration into existing technologies.
At Tsinghua University’s Graphene-Based Hybrid Structures and Nanomodular Materials
laboratory, research focused on wearable sensors (graphene on polymers), membranes (graphene on
ceramics), and optoelectronics (graphene on semiconductors) (see Figure B.15). In the first of these
areas, Dr. H.W. Zhu developed a graphene-based woven fabric that is being developed as a sensor
for robotic, biological, and sound applications. He also used graphene for ion filtration and
separation, including desalination (see Figure B.16) and biomimetic selective ion transport.
Japan: The Materials Nanoarchitectonics (MANA) Center at the National Institute for Materials
Science (NIMS) in Tsukuba focuses, among other things, on materials design of high-temperature
sensors that can operate up to 300 °C for car electronics. Sensors and actuators based on
microelectromechanical systems (MEMS) have long been used for automotive applications, most
notably for accelerometers. A variety of other applications, for instance in the area of sensing the
wear in braking equipment, necessarily must be resistant to heat. Dr. K. Somu’s research at MANA
focuses on resistance switching in nanogap electrodes, typically fabricated from platinum and gold.
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Korea: The Samsung Advanced Institute of Technology (SAIT) focuses on applications of graphene
and other 2D materials. The graphene project involves 30 PhD students. They have investigated a
number of potential applications of graphene, including high-performance transistors, THz devices,
ITO replacement, sensors, flexible devices, and supercapacitors.
The Korean Institute of Science and Technology (KIST) focuses on many research areas, such as
brain science, “green city” technologies, post-silicon semiconductor topics, robotics and media,
materials and life science, and clean energy and sensor systems. The Biomaterials and Bioelectronics
Laboratory at KIST, and specifically work conducted by senior research scientist Dr. Hyunjung Yi,
focused on research in the areas of sensors and wearable electronics. She uses bacteriophages
engineered to present aromatic amino acid residues to bind to nanotubes, and uses a hydrodynamic
assembly technique to make a large-area conductive mesh that can be scaled up to 10 cm in length.
The group develops pressure sensors, tactile sensors, glucose sensors, and neural probes using these
nanotube meshes (see Figure 2.6 in Chapter 2).
Batteries R&D and Applications in Asia
China: Cnano is a world leader in industrial-scale manufacturing and supply of multiwall carbon
nanotube (MWCNT)-based products and conductive pastes for applications ranging from lithiumion batteries to conductive plastics, anti-static paints, and reinforced rubber tires. The company
leverages technologies for low-cost mass production and applications of CNTs for which it has an
exclusive license from Tsinghua University for research performed there.
Cnano’s R&D center in Beijing was established in July 2007; since 2011–2012 it has operated stateof-the-art ISO9001-certified production lines for CNTs in Zhenjiang, China, with a total annual
capacity of 2,000 tons. In April 2015, the company finalized funding for a project to expand its
Zhenjiang manufacturing operation to meet growing, worldwide demand for its products from the
electric vehicle and high-end consumer battery markets. The company has a U.S. subsidiary
headquartered in Santa Clara, CA.
At Tsinghua University’s Institute of Metal Research, the focus was on the selective synthesis of
semiconducting and metallic single-wall carbon nanotubes. Dr. Chang Liu’s group investigated
selective etching where they showed that semiconducting single-walled large-diameter nanotubes,
which have enhanced stability to ion etching compared to metallic nanotubes, can be processed to
make up 90% of a sample. They also demonstrated bulk synthesis of primarily semiconducting or
primarily metallic nanotubes for lithium-ion batteries and nanoconnectors. They also work on
making 3D networks of nanotubes in electrodes, nanotube-graphite composites, and other hybrid
structures (see Figure B.20).
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VISION FOR THE NEXT DECADE ON NANOMODULAR MATERIALS AND SYSTEMS
Theory, simulation, and modeling have played critical roles in the emergence and development of
nanometer-scale science and technology. Feynman’s 1959 talk, “There’s plenty of room at the
bottom,” for example, was a simple but compelling model that was the first to clearly present the
technological opportunities associated with the nanometer scale (Feynman 1992). Other examples
include the theory of quantum tunneling, which led to the development of the scanning tunneling
microscope (Binnig and Rohrer 1987) as well as a myriad of nanometer-scale device and sensor
technologies; the prediction (Mintmire, Dunlap, and White 1992; White, Robertson, and Mintmire
1993; Saito et al. 1992; Marek et al. 2015; Hamada, Sawada, and Oshiyama 1992) and subsequent
validation (Wilder et al. 1998; Odom et al. 1998) of semiconducting and metallic properties of carbon
nanotubes; and a variety of simulations and models that are currently leading to new insights into
how self-assembly can be used to design nanometer-scale structures (Damasceno, Engel, and Glotzer
2012; Kamerlin and Warshel 2011). As the field of nanometer-scale science and technology
continues to evolve from interesting science to revolutionary technologies, theory, simulation, and
modeling will assuredly play leading roles in this revolution.
Expanding simulation technology from nanoscale materials to nanomodular materials entails a set
of new challenges that include, but go far beyond, the challenges of improving current models for
electronic structure, molecular dynamics, chemical behavior, and light–matter interactions, to name
a few types of models. Among the questions that are essential for modeling a nanomodular material
or system—and which are often implicit or assumed for ordinary nanoscale simulations—are the
following.

•
•

•
•

•

What is the goal of the material or device? Mechanical strength? Chemical sensing? Electronic
transport or logic? Chemical filtering?
How is the structure to be fabricated? Top-down? Bottom-up? Other? The fabrication method
is important because without a simulation of how the nanoscale building blocks are brought
together, the characterization of the structure (i.e., where the various nanoparticles, molecules,
graphene sheets, etc., are located) must be ascertained via microscopy or some other method
(such as guessing).
Is the material homogeneous, like a filter or chemical sensor? Or is it structured like an
electronic or photonic circuit? In other words, is it a material or is it a system?
What is the nature of disorder in the structure? What kinds of limits on disorder are necessary
to ensure consistent functionality? At the same time, how can the disorder be simulated (i.e.,
what kind of ensemble averages are required) to determine the error bars on performance
characteristics?
How are the forces between nanomodular elements—such as van der Waals and hydrogen
bonding—to be simulated? How can the trade-offs between accuracy and modeling speed be
optimized?
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How should the concept of multiscale and multidiscipline calculation and theory be modified
for materials in dynamical situations? Most multiscale simulations (e.g., the propagation of a
fracture in a metal) begin by specifying the configuration of the system at all scales.
Simulations of nanomodular systems will require a more complex hierarchy of scales to reach
from the nanoscale to the human scale.

From a theory and simulation point of view, these challenges range from fundamental theory
development (e.g., many-body electron effects in electronic structure theory) to issues of computing
speed, storage, and code usability. Based on past successes, however, none of these challenges
appears to be inherently insurmountable given appropriate resources and commitment in terms of
both long-term funding and a shared vision within interdisciplinary teams of researchers.
Ultimately, the objective of the simulation community is the construction of codes to model systems.
Examples of simulation exist that stretch from comprehensive packages to simulate all aspects of a
system to arrays of disparate tools that are employed at multiple stages of the theory. The sheer
multiplicity of nanomodular structures (contemplated or currently in existence) eludes the possibility
of a single code to capture everything, but large simulations of certain types of materials (ceramics,
electronics, filters, etc.) are still possible.
One example of a code package designed for simulation of a full system comes from the U.S. DOE
(Department of Energy) Innovation Hub, Consortium for the Advanced Simulation of Light Water
Reactors (CASL) (Lu, Karoutas, and Sham 2011). Renewed in January 2015 for a second five years,
this is a fairly large partnership between DOE national laboratories, academic institutions, and
private industry that is constructing a detailed simulation code for the virtual design of nuclear
reactors. One of the missions of this effort is to accelerate new, more efficient, and safer reactor
designs in a much shorter timeframe than that currently required by nuclear regulatory agencies. This
single, integrated code is intended to bridge from atomic-level chemical and physical processes all
the way to macroscopic structural design, with statistical uncertainties quantified across all scales. In
many ways, this effort emulates the vision of realizing robust simulation codes and code packages
that support engineering of nanomodular materials and systems by design. In the case of nuclear
reactor design, the CASL code largely uses established science and engineering (Gaston et al. 2014),
with theory providing missing details of predictability (O’Brien, Rák, et al. 2014; O’Brien, Rák, et
al. 2014; Rák, Bucholz, and Brenner 2015; Brenner et al. 2015; Andersson and Stanek 2013). In
contrast, for nanomodular systems, much of the fundamental science at the nanometer scale is still
being discovered and refined, which—combined with the challenges of multiphysics/multiscale
simulation, algorithm development, and uncertainty quantification—yields modeling and simulation
challenges beyond even those associated with the CASL code.
An alternate route to large, targeted simulation efforts like CASL is to take advantage of smaller,
independent efforts by providing convenient mechanisms for collecting, standardizing, and
consolidating codes developed for specific nanomodules and applications. A leading example is the
Nano-Engineered Electronic Device Simulation Node (NEEDS) effort (Lundstrom 2014; see also
the annex to Chapter 4) that is currently deployed on the nanoHUB.org virtual infrastructure
(Madhavan et al. 2013). The goal of this effort is to develop and disseminate to the wide research
community physics-based compact models for device engineering. The NEEDS mission includes not
only developing and collecting codes, but also establishing best practices and processes, maintaining
prototyping platforms, and creating educational resources. Although currently focused on the
relatively narrow application of electronic device operation, the NEEDS strategy can provide a
template for similar efforts aimed at other technologies with origins at the nanometer scale.
The vision described here for the virtual design and construction of nanomodular materials and
systems is ambitious, and one that would require decades to be fully met. Nonetheless, it suggests
endpoint expectations that, together with the current status presented in the next section, can be used
to help establish a roadmap for effectively integrating theory, simulation, and modeling with
experiment to achieve the broad vision of nanomodular materials and systems by design (NMSD).
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ADVANCES IN THE LAST DECADE AND CURRENT STATUS
Graphene was only created a little more than ten years ago (Geim and Novoselov 2007), and other
two-dimensional (2D) materials such as the dichalcogenides were created more recently still (Butler
et al. 2013). Many of the related advances in theory and modeling in the last decade have thus been
focused on these materials, for example, on electronic structure and transport in 2D or in bilayered
systems. Nevertheless, a few outstanding examples exist of composite materials and their assembly.
Several of these are described in the Examples of Achievements section in this chapter.
At the same time, advances in theory, simulation, and modeling tend to be generic, and several
aspects of these are particularly germane to the evolving field of NMSD. These advances come in
many forms that impact not only technical capabilities, but also how theory, simulation, and
modeling are perceived and incorporated into experimental and computational research by the
broader research community. Several of these advances are noted below.
Growth in Computing Speed, Storage, and Availability
The increase in computing power available to the research community has been tremendous in terms
of what is available both to researchers with limited resources (local computing clusters) and to
researchers with access to state-of-the-art computers like those maintained by the U.S. national
laboratories. NMSD will obviously benefit from these advances as well.
Experimental Advances that Motivate Theory and Modeling
The inspiration for new theories and models, as well as the dedication of computing resources to
explore these theories and models, can often be directly connected to experimental advances that
enable the observation of new nanometer-scale structures and properties. The invention of the
scanning-tunneling microscope, for example, inspired many new theories and associated
computational resources that were related to surface structures and electronic states. Advances in
tomography over the last decade have led to three-dimensional images of nanometer-scale clusters
that can be used to validate atomic structure modeling. For example, at the workshop for the current
study that was held at Imec in Belgium in April 2015, Prof. Jo Verbeeck of the University of Antwerp
showed unpublished three-dimensional rotated images of gold nanoclusters where atom positions
can be estimated with picometer precision. Similar images were shown of cerium clusters where
atom locations could be resolved by valence state (Turner et al. 2011). This type of data is critical to
the development of new, more accurate, and fully validated theories and models.
Better Integration of Theory, Modeling, and Simulation with Experiment
One of the effects of the U.S. National Nanotechnology Initiative and the Materials Genome
Initiative has been to encourage closer integration of theory, modeling, and simulation with
experiment. While this integration is not new, formalizing this process in terms of funding
opportunities has greatly advanced researchers’ ability to understand and predict nanometer-scale
behavior and processes. These initiatives—the Materials Genome Initiative in particular—have had
the added benefit of enhancing the computational infrastructure both for local computing capabilities
and for large high-performance computing centers.
Emergence of New Multiphysics Theory, Modeling, and Tools
Enabling the vision of using theory, simulation, and modeling to virtually engineer nanomodular
materials and systems requires not only detailed physics for individual modules (e.g., nanotubes,
graphene, and magnetic clusters) but also methods that can bridge from atomic-scale structure and
properties to macroscopic-scale function. The computational approaches and methods at different
time and length scales have traditionally come from different disciplinary communities, which adds
a level of complexity to developing multiscale modeling capabilities that go beyond theory to
challenges associated with bridging scales (Brenner 2013). Over the last decade, however, a number
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of groups have successfully attacked the challenges of multiphysics/multiscale modeling (Miller and
Tadmor 2009), and from this have emerged new methods for bridging scales that also bridge
disciplines.
The merging of advanced statistics with physical modeling is also starting to have a big influence on
the predictive capabilities of hierarchical modeling. Methods of Bayesian statistics, for example, are
being developed that can quantify uncertainties at the macroscopic scale from the highly
heterogeneous uncertainties that can arise across scales within hierarchical modeling of physical
systems (such as the nanomodular systems discussed here) (Hunt et al. 2015). A successful example
is discussed in more detail below in the Examples of Achievements section.
Introduction of New Ideas and Computational Tools for Self-Assembly
The last decade has seen considerable progress in the development and use of analytic theories and
simulation methods for predicting self-assembled structures. This has included both biology-related
structures, where understanding phenomena such as protein assembly has been a challenge for
decades (Kamerlin and Warshel 2011), and more recent simulations that have revealed unanticipated
complexity in the assembly of hard shapes indicative of inorganic clusters (Damasceno, Engel, and
Glotzer 2012). Contributing to the former has been an emphasis on coarse-grained potentials that are
intended to bridge detailed atomic-scale bonding and mesoscopic-scale structures.
Computational Discovery of New Materials
An area in which concepts from statistics have had an influence on physical modeling over the last
decade is the discovery of new materials from databases that are populated by first principles
calculations (Curtarolo et al. 2012; Curtarolo et al. 2013; Jain et al. 2013). Not only have these
approaches led to new materials for specific applications (Levy, Hart, and Curtarolo 2010;
Hachmann et al. 2014), but they represent a shift in how theory is generated and used (Hautier et al.
2011). Traditionally, new theory development has emphasized accuracy of computational methods
for calculating materials’ properties. In database approaches, a very large number of systems are
examined, and correlations are established between the resulting data and desired properties. A direct
physical correlation is not always required, but rather, a set of statistical descriptors are used to define
theory–property relationships. These descriptors then can be refined by comparing results to subsets
of systems for which measured properties are available. The large number of systems needed for this
approach—current databases of this type store results of on the order of a million or more
calculations—makes highly accurate but computationally expensive calculations impractical.
Instead, the calculations strive for a consistent level of theory across the database from which
statistical correlations can be established.
Whether such database approaches could contribute to the virtual engineering of nanomodular
systems is unclear, but the possibilities are nonetheless compelling. Such a database, for example,
could be composed of nanometer-scale modules that could be “connected” with some set of
mesoscopic rules related to electronic, thermal, and chemical properties. Similarly, a database of
compact models similar to those being standardized in the NEEDS effort mentioned above could be
considered as a bottom-up way to build nanomodular systems.
Emergence of Code Consortia with Expanding Contributor and User Bases
Maintaining state-of-the-art theoretical capabilities in codes that can also keep up with the algorithms
needed to exploit advances in high-performance computing requires special expertise and sustained
support. Fortunately, a number of both developer consortia and individual researchers have taken up
this challenge over the last decade. They have produced a large number of codes and web portals
that are freely available to the research community. Table 6.1 lists some of the codes and portals that
are relevant to nanomodular systems.
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Table 6.1. Examples of codes and portals with large user bases that are relevant to NMSD
Codes that are Freely Distributed with Source Code
Nanoelectronic
Device Simulation

First Principles
Calculations

Molecular Modeling
and Related Codes

Online Computational Resources
For Materials
Discovery

For Multiphysics
Solvers

NEEDS/nanoHUB

Quantum ESPRESSO

LAMMPS

AFLOW

MOOSE

nanoTCAD ViDES

NWChem

OpenKim

Materials Project

Elmer

Smeagol

Siesta

NAMD

Gollum

GULP

GOALS FOR THE NEXT DECADE
Goal 1: Expand and diversify the virtual engineering of nanomodular materials and systems
Virtual design and construction from the atomic to the functional scale has been demonstrated for a
number of materials and systems where specific mechanical, electrical, or other properties were
targeted (examples are discussed in the Examples section below). In general, these efforts have
focused on specific functionalities and materials instead of more general principles of hierarchical
design. There is room for these types of efforts to be significantly expanded to include multiple
functionalities (e.g., combining mechanical and chemical stability with electrical and optical
functionality); heterogeneous types of bonding and interface structures; thermal management; and
calibration against external chemical, mechanical, and electrical perturbations (e.g., corrosion,
external stress, and electrical discharges, respectively).
In addition, much like the niche that the NEEDS program fills for nanometer-scale electronics, there
is a need for establishing best practices in code standardization, implementation, validation, and
community availability, as well as for experimental validation, for NMSD.
Goal 2: Continue improvements in many-body electronic structure theory for predictive
device modeling
Despite decades of continuing theoretical and computational improvements in density functional
theory (DFT), there remain areas where development is needed with respect to the prediction of
nanometer-scale properties. For example, there remain issues related to self-energy corrections that
prevent systematic studies of nanoscale spin-dependent charge transfer (Pertsova et al. 2015). There
are similar cases where the error in level alignment in DFT makes quantitative calculations difficult
or impossible.
Goal 3: Create open-source, consortium-based codes for the virtual engineering of
nanomodular materials and systems
Examples such as the LAMMPS code for molecular dynamics modeling (Plimpton 1995) and the
Quantum ESPRESSO code for electronic structure calculations (Giannozzi et al. 2009) have
demonstrated that well-coordinated, community-driven, open source codes can be developed that are
extremely useful to the research community. This observation suggests that the time is right over the
next decade to create the environment for similar code consortia focused on designing nanomodular
materials and systems. Critical to this goal is long-term support, independent of whether this support
comes from specific funding initiatives or from less formal community commitments to such a
project. An open-source effort would have benefits across the basic science, computation, and
technology communities by providing a platform both for inserting new science and new modules
into design capabilities and for conveniently prototyping designs for specific technological
applications.
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Goal 4: Develop fully predictive, autonomous virtual engineering tools: database, heuristic,
and deliberate searching approaches
Implicit in Goals 2 and 3 is the need to develop a set of inputs to the modeling that might include
available nanomodules with measured properties, a hierarchical structure or connectivity among
modules, and desired functionalities. Building on the concept of automated searching of large
databases to establish trends in materials properties, one can envision automated searches for unique
designs and capabilities of nanomodular materials that might not otherwise be explored. Similar
methods could, in principle, be used to identify hypothetical nanomodules (or intermodule
properties) required for a given functionality. This could lead to synergistic feedback to experimental
efforts designed to construct such nanomodules. Although more conceptual than the goals above,
there is clearly room for creative ideas and new concepts in designing nanomodular materials and
systems.
INFRASTRUCTURE NEEDS
Enabling the vision described above for theory, simulation, and modeling of nanomodular materials
and systems requires three types of infrastructure: (1) computing resources, (2) codes that are
optimized to those resources, and (3) a community of developers and users who can collect, evolve,
and distribute codes, set standards, and develop benchmarks. The first of these, computing resources,
are already available both as cost-efficient local resources (small computing clusters) and as access
to high-performance computing capabilities such as the DOE national laboratories. These resources
are likely to expand independent of specific needs for the virtual engineering of nanomodular
materials and systems.
As discussed above, self-contained codes for the predictive, virtual design of nanomodular systems
currently are limited largely to nanoelectronics; these are being developed primarily based on
compact models traditionally used in the microelectronics industry. There is a need for similar selfcontained codes that are generalized to other applications (ceramics, chemical sensors and filters,
biomaterials, structural materials, etc.), nanomodules, and theory and simulation techniques. As part
of this effort, there is a need for an organized developer and user base that can be modeled on existing
efforts like NEEDS, LAMMPS, or Quantum ESPRESSO.
R&D STRATEGIES
Strategies for research and development of the theory and modeling aspects of nanomodular systems
depend first of all on the simulation capabilities that must be developed to model the relevant
systems. To a degree, these can be understood as required extensions to existing and well-tested
simulation tools. The purely technical challenges of predicting the bulk and functional properties of
a nanomodular composite system or of predicting the assembly of nanoscale elements into materials
and devices can be fairly easily enumerated:
1. Theory and simulation of nanomodular systems require a radical advance in multiscale
techniques. The composite nanomaterials (e.g., carbon nanotubes) contain hundreds or
thousands of atoms, and yet, understanding their behavior at the single-atom level becomes
crucial when, for example, binding with components or electronic transport between them occurs.
2. Dynamical simulations that extend molecular dynamics from molecules to nanomaterials must
be better developed to explore the synthesis of structures. Molecular dynamics modeling (and
related tools) is already a workhorse in the field of nanoscience (Brenner et al. 2007). To
handle NMSD, major advances are needed in models that treat groups of molecules (that
comprise a nanotube, for example) as a unit (Zhigilei, Wei, and Srivastava 2005; Ostanin,
Ballarini, and Dumitrică 2014; Zhao et al. 2014; Volkov, Salaway, and Zhigilei 2013; Volkov
et al. 2012; Lin et al. 2014). That is, a form of multiscale molecular dynamics modeling is
called for. Some techniques that could be relevant to NMSD have already been developed in
the study of protein folding.
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3. Treatment of disorder and ensemble averaging methods must be expanded to predict the
success rate of function, based on design and assembly, of a nanomodular material. Molecular
dynamics, for instance, treats disorder via initial conditions that can be randomized over a
model space. Static properties, such as the bulk modulus of a composite material of nanotubes
and graphene sheets, will require simulations with ensemble averages of particle positions and
orientations.
4. Advances will be required in specific areas that relate to specific functional materials. For
example, electronic materials will demand advances in electronic structure calculations
(Pertsova et al. 2015), filters and chemical sensors will require surface chemistry and chemical
binding to be better simulated, and photonic materials will require advances in spectroscopic
calculations (Ross and Schatz 2015).
Promoting advances in these areas would benefit from a comprehensive embrace of the NMSD
paradigm by the research community. The somewhat haphazard nature of current advances that the
WTEC panel observed and studied is unsurprisingly characteristic of a field in its infancy. In
particular, specific applications often are envisaged and materials created with a trial-and-error or
recipe approach. Theory and modeling are only then brought in to elucidate the observed properties
and to help improve functionality. Thus, each new material and simulation begins from scratch; as
yet, little sharing of techniques exists. This is particularly true for simulation, because a newly created
code is rarely shared in whole with the community, and new applications can typically borrow only
abstract ideas from publications related to those codes. Holding an extended series of workshops on
modeling challenges in NMSD would be a good place to begin to bring coherence and synergy to
the modeling community.
R&D IMPACT ON SOCIETY
The possibilities of developments in NMSD are as vast as all of materials science. Few of the grand
challenges of science will not be impacted by the new nanomaterial paradigms. Among those grand
challenges is the quest for a cost-effective method of desalinating sea water. Another is the quest for
dramatic improvement in the price and energy density of batteries that would radically alter the
energy landscape of the world—an important objective of nanomaterial design (Jain et al. 2013).
Also directly impacted by NMSD will be a vast number of projects in chemical sensing (e.g., of VX
[nerve] gas from surface-enhanced Raman spectroscopy) or filtration (e.g., for extraction of carbon
dioxide from the atmosphere).
EXAMPLES OF ACHIEVEMENTS
Several examples are presented here where theory, simulation, and modeling have helped to design
functional structures starting at the atomistic scale. The first two examples are from nanoelectronic
device design and come from presentations made during the WTEC workshops held in Europe as
part of this study. The last example, which was not discussed in any of the study’s international
workshops, illustrates advances in uncertainty quantification across multiple scales.
NanoTCAD ViDES Code for Simulating Nanometer-Scale Devices
Nanoelectronic device technology has advanced to the point where useful nanomodules such as
nanotubes, graphene, and metal cluster interconnects have been identified and incorporated into
devices with unique and potentially revolutionary functionality. At a workshop at the Micro and
Nanotechnologies Innovation Campus in Grenoble, France, Prof. Gianluca Fiori of the University of
Pisa discussed his modular code NanoTCAD ViDES for simulating nanometer-scale devices (Fiori
and Iannaccone 2007). Given a physical architecture, the code performs a self-consistent solution to
the Poisson and Schrödinger equations using a non-equilibrium Green’s function formalism. The
device simulation part of the code leverages the Quantum ESPRESSO and Wannier90 codes to
define the tight-binding Hamiltonian from first principles calculations that are used in the transport
calculations.
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One of the successes of this code from a first
principles design viewpoint is the prediction of
a six-fold increase in intrinsic voltage gain by
using a bilayer graphene structure rather than
a single layer in the channel between the
source and drain in a nanometer-scale fieldeffect transistor (Figure 6.1) (Szafranek et al.
2012). This voltage increase is important for
graphene-based amplifiers used in analog
applications. This prediction inspired the
fabrication of a micrometer-scale analog
device, the performance of which verified the
nanometer-scale computational prediction.

Figure 6.1. Illustration of a nanometer-scale electronic
device based on graphene (image courtesy of G. Fiori).

Virtual Engineering of Contacts between Metals and 2D Transition Metal Dichalcogenides
In a workshop held at Imec in Brussels, Prof. Banerjee of the University of California, Santa Barbara
(and one of the WTEC panel members) discussed his computational efforts on nanometer-scale
device design that complemented experimental efforts in his research group (see also Chapter 4).
These efforts included virtual engineering of contacts between metals and two-dimensional transition
metal dichalcogenides, and the development of a detailed compact model that was designed for
atomically thin channel field-effect transistors (Cao et al. 2014). Although not a nanomodular design,
the former demonstrated how results from first-principles calculations (e.g., bonding overlap,
Schottky, and tunnel barriers) can be used to design the composition of interface materials, which
will be important for the effective combination of nanomodules into integrated, performance-scale
structures. Similar to the work discussed by Prof. Fiori, the compact model developed in Prof.
Banerjee’s group provides a link between first principles calculations and device performance of
circuits based on two-dimensional transition metal dichalcogenide field-effect transistors (Cao et al.
2014). The Banerjee model is SPICE-compatible and has been made available to the general research
community through the nanoHUB website as part of the NEEDS platform for predictive engineering
of nanomodular electronic devices.
Multiscale Contact Mechanics with Quantified Uncertainties
Strachan and coworkers at Purdue University’s Birck Nanotechnology Center developed a multiscale
model that was intended to predict force-displacement curves for microscale switches starting with
atomistic considerations and input from experiment related to surface roughness (Kim et al. 2013).
Density functional theory calculations were used to determine the bulk modulus of amorphous Si3N4
by averaging over 138 different structures that were created by quenching a melt. This resulted in
not only an average bulk modulus, but also a statistical uncertainty in bulk modulus. Large-scale
molecular dynamics simulations were used to estimate plastic dynamics and hardness for asperity
contacts. In addition to uncertainties in the structure and mechanical properties of the contacts, their
uncertainty quantification included effects related to approximations in the interatomic potentials.
The result was not only predicted force-displacement relations, but also a quantitative measure of
how these curves depend on calculational and structural approximations across disparate size scales.
This effort is an excellent example of how uncertainties across scales starting at the atoms can be
quantified to a functional scale.
CONCLUSIONS AND PRIORITIES
The field of nanomodular materials and systems by design is analogous in many ways to the field of
synthetic chemistry. When Friedrich Wöhler first succeeded in synthesizing urea in 1828, the
accomplishment marked a turning point from chemistry being a purely analytical science to
chemistry being a creative science. Today, synthetic chemists possess a vast array of recipes and
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techniques that they can use to guide chemical reactions through complex free energy landscapes—
all the while applying temperature changes, mechanical mixing, photochemical effects, etc.—to
produce desired molecules. Still, no recipe is 100% successful, and repetition and purification (and
investment) are needed to increase the yield.
It is reasonable to expect that buckeyballs and other nanoparticles, graphene and nanotubes and
nanowires, and a myriad of other new nanomaterials will enter the synthetic nanomaterials toolbox
for any possible application. It will eventually make no more sense for an inventor to ask if he or she
can make a particular device without using carbon nanotubes than for a synthetic chemist to ask if
he or she can make a particular molecule without using manganese. All the tools and their associated
recipes will be on the table.
Simulation and theory will inevitably play an indispensable role in furthering NMSD research, just
as it has become indispensable for all of the nanomaterial developments of the past thirty years.
Challenges such as code sharing and stimulating the creation of new codes will be in many ways
similar to those the community has faced before. As with all science, however, meaningful advances
will be achieved only if the relevant questions are put before the community. These questions now
are related to individual projects and are as specific as individual trees; large-scale progress will only
occur when the whole forest comes into view.
INTERNATIONAL PERSPECTIVES
The discussion below is based largely on a series of workshops and visits in Europe and Asia in
which the WTEC panelists participated in the spring of 2015. Because the workshops and visits were
planned based on activities at the visited sites and the ability to attract researchers from nearby sites,
they did not reflect all relevant activities in any given country. Details of specific presentations are
given in the trip reports in Appendixes B and C.
United States–Europe Workshops and Visits
A number of very impressive presentations on theory, simulations, and modeling illustrated the high
quality of the research in European institutions, their accomplishments in nanoelectronic device
simulation, and their close integration of theory, simulation, and modeling with experiment. There
were also strong examples of this integration being used to serve commercialization needs and
interests.
From a theory and modeling infrastructure viewpoint, the Thomas Young Centre—the London
Centre for the Theory and Simulation of Materials—appeared to provide a strong platform for
coordinating and integrating multiple theory and modeling efforts. This center is composed of an
interdisciplinary alliance of 100 research groups from Imperial College London, University College
London, King’s College, and Queen Mary University. The center also includes partnerships with
U.S. national laboratories (Pacific Northwest National Laboratory and Argonne National Laboratory)
and several international companies (e.g., BP). This center hosts events, provides short-term student
and research support, and acts as a liaison with industry.
Two observations were especially pertinent to the discussion above. First, the large institutions and
centers like Imec in Belgium, MINATEC in Grenoble, the Centre for Research on Adaptive
Nanostructures and Nanodevices (CRANN) in Dublin, and the London Centre for Nanotechnology
appear to provide the long-term support and infrastructure needed to fully develop theory and
simulation capabilities and codes. Second, in informal remarks, several of the researchers who met
with members of the WTEC panel expressed the opinion that the U.S. side of writing proposals for
joint Europe–U.S. research opportunities is much more involved and has a much lower probability
of support in the United States compared to the proposals made by European counterparts. Because
of this, European enthusiasm for joint research efforts appears to be tempered.
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United States–China Workshops and Visits
Based on the WTEC panel’s visits and workshops in Beijing, Shanghai, and Suzhou, China appears
to be developing research practices that are similar to those in the United States. It also is placing
high value on researchers having international experience. Panelists were told that consideration for
research positions in China strongly emphasizes such experience. Panelists also visited with
outstanding Chinese scientists who had been offered research positions in China with excellent startup and support terms after they had started their careers in the United States. These observations
point toward a strong emphasis on expanding research excellence in China.
While there are very strong theory, simulation, and modeling efforts in China, few of these efforts
were highlighted during the panel visits and workshops in China compared to those in Europe.
Similarly, the close integration of theory and simulation with experiment that panelists saw in their
European visits (and which are facilitated in the United States by efforts such as the Materials
Genome Initiative) were largely absent from host presentations in China. Nonetheless, there did
appear to be opportunities within the Chinese university and government laboratory infrastructure
for such interactions.
United States–Japan Workshop and Visits
As in the United States, theory and modeling tends to be a distributed activity in Japan. There are
numerous world-class research groups in most areas of nanoscience, including in areas important to
new lower-dimensional systems. Among the large projects that are either dedicated to materials
science or have large components therein, the Institute for Solid State Physics (ISSP) at the
University of Tokyo, the Interdisciplinary Theoretical Science (iTHES) project at Riken, and the
National Institute of Materials Science, Computational Materials Science Unit, are among the most
noteworthy.
Specific projects that the WTEC team directly or indirectly contacted during the visit to Japan include
some distinguished work. At the International Center for Materials Nanoarchitectonics (MANA) at
the National Institute for Materials Science (NIMS), the research of the Katsunori Wakabayashi
group focuses on electronic properties of nanoscale materials. The group, in particular, examines
properties such as edge states and the low-energy spectrum of  electrons that are becoming more
relevant for nanomodular materials. One recent result from this group involves the theoretical study
of graphene point contacts (Deng and Wakabayashi 2014)
The iTHES project under Tetsuo Hatsuda at Riken is a newly formed research project (2013–2017)
that promotes interdisciplinary collaborations among theorists in fundamental physics, material
science, and biological science to unravel the logic of “multiscale problems” that appear universally
from subnuclear physics to biology and cosmology. This project includes subprojects in Quantum
Condensed Matter, Condensed Matter Theory, and Computational Condensed Matter.
A notable group that the WTEC team did not have an opportunity to visit is that of Yoshihiro Iwasa
at the University of Tokyo that studies, among other projects, the field of spintronics “post-graphene”
2D materials (Suzuki et al 2014).
Finally, deserving of note is the Japanese “Next-Generation Supercomputer R&D Center” at Riken
and Japan’s 10 Petaflop Supercomputer development team. Japan has had, at various times, the
fastest computer in the world. The Next-Generation Project, headed by Ryutaro Himeno, is the nexus
of Japan’s efforts to regain that distinction. The target applications for the Japanese Supercomputer
project go far beyond materials science. But they also include as application projects all of the
principal areas of condensed matter such as molecular dynamics, electronic structure, and protein
folding. A description of the project by Ryoji Noyori can be found at http://www.nsc.riken.jp/indexeng.html.
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United States–Korea Workshop and Visits
Although presentations on theory and modeling studies were not prevalent at the WTEC workshops
held in Korea, Korean research efforts remain strong in this area. At KAIST, for example, the
Quantum nano-bio Materials Simulation Group (QnMSG), led by Prof. Yong-Hyun Kim, carries out
large-scale ab initio electronic structure calculations and molecular dynamics simulations of nanobio materials. Similar efforts exist at many of the other institutions that were represented at the
Korean workshops. A hallmark of the Korean efforts in theory and modeling is a close connection
with experiment that results in many papers that integrate experimental results with theoretical
understanding. This will be an important asset for future Korean efforts in nanomodular materials by
design.
United States–Singapore Workshop
The presentations and discussions in Singapore focused primarily on the science and engineering of
functional structures based on graphene and related two-dimensional systems. Like the visits and
workshops in China, there was comparatively little discussion of theory, simulation, and modeling.
One relevant informal comment made during the presentation by Prof. Antonio H. Castro Neto (the
director of the Centre for Advanced 2D Materials and Graphene Research Centre at the National
University of Singapore) was that he encourages “theory therapy” where a single experimentalist
brainstorms with a group of theorists.
As seen in the institutions the panel visited in Europe, the long-term investment that the Singapore
government has made in the National University of Singapore’s Graphene Research Center has
helped to create an opportunity for a stable environment within which theorists and modelers can
develop tools to simultaneously advance theory, experiment, and technology.
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7. FUTURE PROSPECTS FOR NANOMODULAR
MATERIALS AND SYSTEMS BY DESIGN
Michael Stopa and Ahmed Busnaina

OVERVIEW
What does the future hold for nanomodular materials and systems by design (NMSD) or, more
broadly, for nanoscience and nanotechnology overall? What does this study allow us to conclude
about the trajectory of investment and discovery in NMSD in both the private and the public sectors?
Additionally, what supplement to investment can produce innovations that might not otherwise occur
or accelerate those that will?
These are difficult questions. Generally speaking, in comparing institutional and research emphases
across numerous centers in Europe, Asia, and the United States, we can anticipate investment and
the directions of research—which always lead discovery—more easily than we can predict the areas
of breakthrough themselves. This is because the latter are characterized not only by progress on a
continuum but also by sudden, disruptive, inherently unpredictable advances. Nevertheless, if the
breakthroughs in NMSD cannot themselves be anticipated, the objectives of present-day
nanotechnology research, fundamentally determined by economic demands, can provide clues to the
areas wherein those breakthroughs might occur.
Nanotechnology and Synthetic Chemistry
An analogy can be drawn between nanotechnology in the late 20th and early 21st centuries—in
particular, the emergence of nanomodular materials—and the historical development of synthetic
chemistry as it grew out of its roots in analytic chemistry in the 19th and 20th centuries (Figure 7.1).
Until the early 1800s, scientists focused on the identification and analysis of atoms, molecules, and
mixtures, and the observation and analysis of chemical reactions between them. However, in 1828,
when Friedrich Wöhler first succeeded in synthesizing urea, a major discovery at the time, everything
changed. For the first time, it was possible to show a path towards creating a desirable substance
through synthesis. This allowed scientists to not only analyze but also synthesize molecules and
chemicals. We could say that the science of chemistry was in Phase I (analysis) before 1828,
whereupon Friedrich Wöhler moved it into Phase II (synthesis) by his breakthrough discovery.
Nanotechnology, in a similar way, has experienced an initial phase where research has focused on
discovery and characterization of “nano-elements” such as nanoparticles, nanotubes, and twodimensional (2D) materials. During Phase I of nanotechnology, the objectives have been
(1) producing nanoscale elements with greater uniformity and control; (2) isolating these elements
and manipulating them; (3) characterizing these nano-elements, via spectroscopy, scanning probe
methods, transport studies, simulation, and basic chemistry; and (4) developing applications by
incorporating these elements (individually) into bulk materials (e.g., structural materials made with
nanofibers), into chemicals (such as nanoparticles for medicinal applications), or into functional
devices for electronics, photonics, chemical sensing, catalysis, and filtration.
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Figure 7.1. Analogy between the processes of development of synthetic chemistry and nanotechnology.

The first examples of nano-elements emerged from the electronics industry’s miniaturization drive,
which through increasingly sophisticated epitaxy and lithography was able to create the first 2D
electron layers, then quantum wires, and finally the “0D” quantum dots formed in a two-dimensional
electron gas. Following this, more refined forms of epitaxy led to free-standing nanowires, and several
serendipitous discoveries transpired of exotic entities such as “buckeyballs,” carbon nanotubes, a
wide range of nanoparticles, graphene, and other 2D materials such as the dichalcogenides.
Even before the advent of synthetic chemistry, analytic chemistry was employed to understand the
function of various molecules and to develop applications using them. This is also the case with
Phase I of nanotechnology, where each newly devised nanomaterial inspired potential applications,
many in the area of electronics. For example, transistors, diodes, inverters, and other electrical
elements have been created with graphene, carbon nanotubes, nanowires and nanoparticles. These
devices, however, have been demonstrations of principle rather than marketable products insofar as
they have lacked the capacity to scale up to the necessary integration and manufacturing levels of
preexisting technology. For example, standard CMOS technology1 cannot be effectively replaced
with a technology where, for example, each transistor has to be made with a scanning probe tip
pushing individual carbon nanotubes into place.
Phase II of nanotechnology, what we call NMSD, can be understood—similar to synthetic
chemistry—as the effort to get the right pieces to the right places quickly, precisely, and
reproducibly. Furthermore, as a manifestation of NMSD, the real power of the concept is when
multiple nano-elements are configured to a predetermined location by design, such as by using
carbon nanotubes for transistor applications.
The vision of Phase II of nanotechnology and the idea behind NMSD is not complicated. It is to
replace materials and devices with composite materials that contain not just atoms and molecules but
also the new nano-elements, wherever such new composites will function better or in new and more
profitable ways than existing materials. The only requirements are (1) to imagine a new composite
material that functions better than old materials (think, for instance, of nanostructured battery
electrodes whose increased surface area–to-volume ratio could drastically improve discharge
currents); (2) decide where the nano-elements and other standard solid, liquid, and gas elements need
to be placed; and (3) develop a process for accurately, reproducibly, and economically assembling
or placing all elements precisely where they need to be.

1

“Complementary metal–oxide–semiconductor (CMOS) is a technology for constructing integrated circuits…used in
microprocessors, microcontrollers, static RAM, and other digital logic circuits. CMOS technology is also used for several
analog circuits such as image sensors…, data converters, and highly integrated transceivers for many types of
communication.” Wikipedia, accessed 29 June 2016.
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There is at least one key difference between the analytic/synthetic chemistry dichotomy and the
parallel dichotomy between Phases I and II of nanotechnology: chemical “fabrication” most often
takes place in solution, whereas nanofabrication may take place either in solution or in vacuum.
Nanoscience has both a bottom-up fabrication strategy using self-directed assembly and a top-down
strategy using epitaxy, lithography, and in the extreme case, scanning probe devices. While some of
these fabrication processes do take place in solution, some of them occur with vapors in vacuum.
NMSD SCIENCE AND TECHNOLOGY
The ultimate objective of the NMSD paradigm is to improve, even revolutionize, fabrication
technology. The science of nanoscale fabrication concerns the interacting transport of nanoscale
materials—possibly in a continuum matrix or possibly in vacuum—from prepared sources to final
complex positioning in some type of equilibrium. One of the early paradigms of such fabrication is
the molecular beam epitaxy (MBE) developed in the late 1960s by Arthur and Cho at Bell Labs.
(Cho and Arthur 1975; Petrof, Gossard, and Wiegmann 1984). It was thoroughly explored as a
science in and of itself when it became the workhorse of modern CMOS fabrication. Together with
other forms of epitaxy, the importance of understanding device characteristics led to considerable
research in experiment, theory, and especially, simulation of MBE. Nanomodular fabrication,
currently being investigated to address fundamental science barriers, is developing along a similar
path to that of the earlier epitaxy sciences.
A crucial distinction between NMSD and technology such as CMOS to date has been the need in
NMSD to focus on van der Waals forces, whereas in CMOS, most devices are deposited, etched, and
annealed at the level of covalent bonding chemistry. This distinction is because nano-elements such
as carbon nanotubes or nanoparticles are often precipitated out of solutions and simply mixed—or
perhaps spin-coated—on or assembled together with other materials. Such fabrication techniques
thus lead to multicomponent substances being “glued” together through van der Waals interactions.
There are exceptions to the van der Waals nature of NMSD; for example, the fabrication of materials
that employ nanoparticles bonded to one another through ligands or other functionalizations that
result in covalent bonds to enable new classes of metamaterials. Nevertheless, van der Waals forces
play an important role in many NMSD materials.
The principal dichotomy at the heart of nanoscale assembly is between bottom-up (sometimes
referred to as “self-organized”) methods and top-down methods principally using crystal growth and
lithography. These two approaches are best suited for, respectively, materials and devices. Chapter
2 and Chapter 3 discuss bottom-up methods, which are most important for homogeneous materials.
Chapter 4 discusses top-down methods, the reigning paradigm for electronic materials. Chapter 6
discusses some of the simulation approaches to complex structure assembly.
Figure 7.2 shows a schematic of system complexity plotted versus fabrication control method,
showing a few typical applications at various stages. “Material,” here, is a system that has some level
of translational invariance where the composition looks more or less the same at widely varying
places. Solution chemistry typically produces “materials.” For example nanoparticles— even highly
complex, functionalized nanoparticles—are created to be (as far as possible) identical with the many
other nanoparticles fabricated in the same batch.
Electronic printing uses nanoscale or microscale particles to manufacture circuits, antennas, display
applications, and others. While approaches such as inkjet, gravure, and screen-printing have been
employed for making structures and devices using nanomaterials (Abulikemu et al. 2014; Lu et al.
2014; Ko et al. 2014; Hansen et al. 2013; Krebs et al. 2014), they are typically slow and can provide
only micrometer-scale resolution. On the other hand, a technique such as dip pen lithography
employs atomic force microscope tips (Piner et al. 1999) or arrays of such tips (Salaita et al. 2006)
that can place nanoscale elements to make nanoscale structures. Although this technique can achieve
nanometer-scale resolution, it is clearly much too slow and difficult to scale-up for integration up to
the level of current CMOS applications.
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Figure 7.2. A schematic of system complexity plotted versus top-down and bottom-up fabrication control
methods (SERS = surface-enhanced Raman spectroscopy; CNT = carbon nanotube;
nps = nanoparticles).

The directed-assembly–based printing approach (Cho et al. 2015), by contrast, is multiscale, it allows
printing from the nanoscale to the macroscale, is conducted at room temperature and pressure, and
is substantially faster than inkjet or dip pen methods. The multiscale offset printing system consists
of two steps: (1) the electrophoretic directed assembly of nanomaterials on a patterned template (Cho
et al. 2015), called “inking”, followed by (2) transfer of the assembled nanoscale structure intact onto
a recipient substrate. The ink can include 0D, 1D, or 2D nanomaterials (such as nanoparticles,
nanotubes, MoS2, or polymers) suspended in a liquid, usually water. The applications that are most
accessible for this technology in the near term are flexible electronics and sensors.
One additional dichotomy that occurs in nanomodular fabrication methodology and coincides to
some extent with the top-down versus bottom-up dichotomy is that between fabrication that occurs
in a vacuum versus fabrication that occurs in a solution. Traditional CMOS is, after all,
fundamentally a vacuum technology. But the manipulation of nano-elements requires a medium
(typically a liquid) where the nanoscale building blocks can be guided to the assembly location using
fluidic, electrophoretic, convective, interfacial, or other forces acting on the nano-elements.
NMSD is driven by the promise of using different nanomaterials with better and novel properties
and of achieving more reliable devices. Thus, the science of NMSD is necessarily predicated on
achieving a wide range of potential applications. The following section categorizes those applications
and relates them to their respective fabrication methods.
APPLICATIONS
Nanotechnology research is currently in a bridge phase (see Figure 7.1) between identification,
isolation, and analysis of individual nano-elements (Phase I), on the one hand, and the regime of
NMSD, where different nano-elements can be combined into multiscale devices and materials (Phase
II), on the other hand. Many applications are therefore also in a bridge phase. In all applications,
however, as noted in the preceding section, NMSD Science and Technology, the fabrication control
method is central.
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The physics at the heart of the problem for all applications concerns the dynamical and statistical
behavior of nano-elements and molecules governed by specific forces in realistic environments. This
is the case whether the objective is to improve the production technology of graphene (Park and Ruoff
2010) or other 2D materials (e.g., cleaving technology developed by Japan’s International Center for
Material Nanoarchitectonics [MANA, http://www.nims.go.jp/mana/]) (Phase 1); develop
technologies for bottom-up (self-) assembly of one kind of component, such as nanowires (Lieber
and Wang 2007; Nantero, http://nantero.com/) (Bridge Phase); or engineer new nanoparticle–
graphene composite electrodes for dye-sensitized solar cells (Yen et al. 2011) (Phase 2).
The research objective is to, in effect, solve a complex molecular/nano-element dynamic problem.
Consequently, as is the case in many fields when they are in their infancy, WTEC panelists found in
this study that most of the research today is highly empirical and recipe-oriented. One example of a
device (inverter) that utilizes 2D and 1D materials using both a top-down and bottom-up fabrication
approach is a heterogeneous complementary inverter circuit based on layered molybdenum disulfide
and carbon nanotube (CNT) bundles (Huang, Somu, and Busnaina 2012). The fabricated CNT/MoS2
inverter is composed of n-type MoS2 and p-type CNT transistors. Bottom-up fabrication approaches
for integrating various nanoscale elements with unique characteristics provides an alternative costeffective methodology for NMSD-based devices and applications.
The preceding science and technology discussion shows that the field of NMSD generally, and the
topics of this study in particular, are heavily influenced by electronics research. It is therefore
important to provide a broader context to the range of applications that exist. We can define three
classes of nanotechnology applications:
1. Electronics (and magnetics) and photonics: These applications depend on the transport of
charges and the interaction of those charges with light. They include battery leads, supercapacitors, and standard electronic elements like transistors, photovoltaics, and light sources.
2. Chemical (and biological): These applications include nanostructured materials that (while
they may have electrical components for readout, say) are based on chemical reactions between
the device and a medium. They include catalysis, filtration, chemical and biosensing, and
chemical targeting (such as in virus or cancer detection or therapy using nanoparticles or other
nanomaterials).
3. Passive materials: These applications include combinations of nano-elements that typically
depend on hierarchical structure to obtain useful mechanical and optical properties such as
strength and flexibility. Examples include ceramics, artificial bone, and a wide array of
coatings.
These three domains encompass most of the nanotechnology research today.
One particular success story of nanotechnology that deserves note is the development by Nantero,
Inc., of a new paradigm for computer memory, so-called NRAM (non-volatile random access
memory, sometimes known as nanoRAM). The Nantero material is a layered assembly of carbon
nanotubes that open and close to electrical current based on electromechanical effects induced
through purely electrical (as opposed to magnetic) impulses and utilizing van der Waals forces to
operate the nanoelectromechanical system (NEMS switch) (Stopa and Rueckes 2016).
ECONOMICS AND SOCIOLOGY OF R&D
The economics of research and development has been an active area of study at least since the
seminal article by Minasian, from the Rand Corporation, in 1962 (Minasian 1962). Concerned to a
large degree with the return on investment of research dollars and particularly the impact of research
spending on the gross domestic product, a specific subfield of intense interest concerns the relative
benefits and needs for public versus private funding. A recent report in the journal Research Policy
by Beaudry and Allaoui (2012) examines specifically the public/private funding dichotomy with
respect to investment in nanotechnology.
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Generic Model of R&D Funding
Some aspects of R&D funding are shown in Figure 7.3. Research projects that begin with basic
science typically also begin their support with public funds. In the United States, the National Science
Foundation, the Department of Defense, and the National Institutes of Health are three of many
organizations that provide funding for university and government laboratories—including for
theoretical and computational scientists—to investigate basic science, out of which can emerge new
materials and applications.

Figure 7.3. Typical phases and timelines for funding and development of new scientific discoveries across
the full research and development cycle to manufacture of profitable products.

Figure 7.3 shows that new materials are first characterized and then techniques are described for
purifying and manipulating them. As insight is gained, applications are proposed and prototypes are
assembled. This is the stage, sometimes known as the “Valley of Death,” where the funding
mechanism shifts from public to private funds. It is known as the Valley of Death because it
comprises a regime of application where government has less interest in providing support,
particularly in the United States; at the same time, the profitability of the application has yet to be
demonstrated, and thus private funding is difficult to obtain and maintain resulting in the termination
of that application’s development efforts.
The funding strategies for this intermediate regime are critical to the success of a technology, and
the perilous nature of progress here is addressed in a variety of different ways depending on industry
and culture. One common source of funds for commercialization in the United States is venture
capital investment. The distinction between “research” and “development” is often coincident with
this public/private divide, although there are other interpretations of the distinction.
The transition from academic laboratory discovery to factory fabrication of products is not merely a
transition from one funding source to another. It generally involves a change of the environment in
which the research is conducted and a change in personnel. Numerous challenges aside from
maintaining funding are inherent in the transition. One major issue, which impacts directly on the
funding change, is the ownership of intellectual property.
There are many institutions that work to address the various perils of the transition phases of product
development and the Valley of Death. (For one example, see University of Maryland Corporate
Connect, http://www.research.umd.edu/industry.)
Once a product, device, or material has navigated the course from academic laboratory to industrial
development, there remain challenges associated with getting the product to market. Specifically,
identifying the business model and the market is needed, as is, often, a scaling-up process for
lowering the costs of manufacturing the product. The ideal case occurs when the product begins to
bring in revenue that can fuel further investment in R&D.
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Economics and Sociology Peculiar to NMSD
To achieve sustained progress in nanomodular materials and systems by design, it is critical to
understand the specific features of NMSD and how they fit in the generic scheme described above.
The most salient point is that NMSD is not itself a product. Rather it is a fabrication paradigm. The
WTEC panel observed during this study (see the section International Comparisons, below) that
many examples of products that were nanomodular in character were comprised of nanoscale
building blocks wedded together to create some new functionality. For such applications, specific
methods for coating CNTs with nanoparticles, or interspersing graphene with nanoparticles, or
alternating spin coating of CNTs with epitaxy and lithography were invented for purposes associated
with the particular applications. These applications have tended to evolve the same way as the generic
applications described by Figure 7.3. However, NMSD is more properly thought of a system that
utilizes nanomaterials, identifies applications that take advantage of them, and then develops
fabrication technologies that will be used to integrate them into design applications where several
nanomaterials’ properties, rather than only one material property, will be fully exploited.
Previously, researchers in academia and industry tended to work on one nanomaterial at a time and
tried to make devices and applications using the novel properties of that material only. However, to
take advantage of the diverse nanomaterials that are available today (quantum dots, nanoparticles,
nanotubes, nanowires, 2D materials, etc.) researchers now have to imagine and design applications
that will take advantage of several nanomaterials and their properties, based on the desired
application. One example of this synthesis is metamaterials, or devices that have been designed and
modeled before they are fabricated using the properties of the individual nanomaterials. However,
after the design and model appear to yield the desired results, then comes the challenge of building
the nanomodular system from the model. Here, fabrication of that system and placement of materials
with nanoscale precision will be needed. Most systems, because of the diversity of the size, shape,
and properties of nanomaterials, will require a combination of bottom-up and top-down fabrication
techniques that will most likely involve several process that are based on directed assembly.
What the WTEC panel frequently observed abroad is that research institutions are not only
addressing the set of techniques needed for more efficient production of discrete nanoparticles and
2D materials and CNTs, etc., but they are also investigating the techniques needed to assemble those
building blocks into a variety of structures. The distinction is critical, because the intellectual
property and profit derived from developing an infrastructure are different from those derived from
developing an application that has an identifiable market. The “market” for a technique for
systematically interspersing graphene layers with nanoparticles—or simulating the same—is a
laboratory, not a consumer. In most of the examples the WTEC team observed, an application or
target was needed to motivate and identify the fundamental research challenges to be addressed.
Once those challenges were successfully addressed, the application could then move to the
prototyping stage. But the generic study of fabrication techniques—as distinct from the study of
fabrication requirements for a predetermined application—is needed and is mostly nonexistent.
Infrastructure projects for easing the transition from laboratory to commercialization are already
regarded as vital in the area of nanotechnology, with programs such as the U.S. National
Nanotechnology Infrastructure Network (NNIN) and its successor the National Nanotechnology
Coordinated Infrastructure (NNCI) (see http://www.nnin.org/) and the European Union’s Graphene
Flagship (http://graphene-flagship.eu/) providing two prominent examples. NNIN, for instance,
provided tools and a user policy that protected intellectual property rights in such a way that
numerous small and even large companies that did not possess the resources for nanotechnology
research and development were able to create nanotechnology-enabled products with commercial
possibilities. Funding additional similar infrastructure projects is one obvious avenue for public
institutions to facilitate progress in more complex nanomodular materials and systems.
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CONCLUSIONS AND PRIORITIES
This WTEC study investigated the developing technology paradigm called Nanomodular Materials
and Systems by Design or NMSD. Broadly speaking, this paradigm concerns the cutting edge of
nanotechnology fabrication research as it seeks to go beyond the production, purification, analysis,
and application of specific nanoscale objects or “nano-elements,” to combine those elements in
purposefully designed arrangements to obtain new materials and devices. This paradigm therefore
naturally leads to an overview of nanotechnology wherein there exist two phases, the first phase
being the creation of nano-elements and the second phase being the combination of diverse nanoelements into more complex materials and/or devices.
As indicated in the section on the science and technology of NMSD, the scientific problem posed by
NMSD is a complex, multiscale, often dynamical problem of the fabrication of nano-elements into a
predetermined structure. Control of van der Waals forces and their simulation are central aspects of
controlling the way that nano-elements bind together. In the basic top-down versus bottom-up
dichotomy of nanofabrication, the bottom-up method such as self-assembly makes the fabrication of
complex patterns (by design) more difficult and so is best suited for materials, where we understand
“materials” to be substances with some at least rough form of translational invariance or uniformity.
The principal technologies of modern electronics, on the other hand, have been quintessentially topdown, and that has seemed to be essential, so far, to the production of “devices” in which the
fabrication encrypts substantial information (such as in the microprocessor). The fabrication methods
that seem most promising for bridging the gap between the top-down and bottom-up approaches is
the printing method, specifically, the directed assembly–based printing technology.
The applications that have so far emerged from NMSD are mostly not, in fact, the product of a
deliberate “nanomodular” ethos. Rather, most practical applications are predicated on using the
materials at hand to produce better performance; the example of coating carbon nanotubes with
nanoparticles to increase the surface area of battery electrodes is a typical approach (Zhao, Hayner,
and Kung 2011). Many of these specific application-driven advances employ relatively simple
technologies such as spin-coating or dispersion of nanoparticles in a liquid solution, rather than, say,
some sophisticated method for self-organized growth. While such advances demonstrate the
multiscale, multicomponent potential of NMSD, they generally have not produced new fabrication
techniques that can be extended to other applications.
Related to the economics and sociology of the field, the WTEC team found that NMSD has many of
the characteristics of any new technology. There is a significant promise of return on investment
driving the entire technology, while at the same time there is a schism between the funding and the
organizational structure of research between the academic and government labs on the one hand and
the private business and industry concerns on the other hand. That schism explains the so-called
“Valley of Death” where research funding from public sources dries up before development and
commercialization funding from private sources begins.
In this context, many of the advances made in applications from the relatively elementary coating
and evaporating techniques that have led to actual marketable products have originated in private
company laboratories. But as noted, NMSD is first and foremost a paradigm focused on fabrication
technology, and as such it relies on the development of tools, including simulation tools. Therefore,
NMSD requires giving attention to infrastructure and new nanomanufacturing processes and tools,
because the science of placing nano-elements together in particular arrangements is not itself an
application but is rather a means to realizing many applications.
As detailed above, the science, applications, economics, and sociology of nanotechnology-focused
R&D, its funding, and its products differ between the regions visited during this WTEC study. If a
general result can be gleaned from the complex nature of research and development across
continents, we might say that Europe excels at establishing major research programs such as the
Graphene Flagship to tackle basic research problems and pays less attention to developing startup
companies to turn that research into marketable products. Asia, specifically South Korea, Japan, and
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Singapore, have government entities dedicated to helping private industry make commercial goods,
even though public-sector and university-level fundamental research is not as strong there. In contrast
to both Europe and Asia, the United States has the advantage of an “all of the above,” almost
consciously experimental, approach to fostering technological advance. That is, the United States has
reasonable levels of support for academic research while possessing regulatory and economic
conditions that support a vital private sector and venture capital industry; in addition, it has a plethora
of government laboratories from defense to energy to the health agencies that work to fill the gap
between academia and industry. Both Asia and Europe do a better job helping bridge the commercial
Valley of Death as compared to the United States, via applications-oriented research organizations
such as the Fraunhofer Institutes in Germany and similar nationally funded organizations in Asia.
Insofar as this over-generalization can be relied upon, the WTEC panel’s expectation is that Europe
will likely continue to produce, for its size and relative investment, more academic papers and
fundamental science results, but fewer patents and products. Asia will likely continue its emphasis
on producing marketable products that emerge from already-established technologies for producing
complex, multiscale, multicomponent structures but will lag behind in groundbreaking fundamental
advances. The United States will likely straddle these two regimes and have the capacity (again,
normalized to the overall scale of investment) to deliver both academic results and saleable goods.
However, that is not to say that no attention needs to be paid in the United States to doing a better
job of moving its nanotechnology-focused investments to profitability. For example, R&D program
managers at all levels might look at ways to improve flexibility, predictability, and long-range
thinking in funding and program emphases that more consistently address commercialization
applications through the development of new nanomanufacturing processes and tools. The task
remains for policy experts to gauge, from studies such as this one, where the most remunerative
investments lie for business and government and how to accelerate the profitable development of
nanomodular materials and systems by design.
INTERNATIONAL PERSPECTIVES
It is a major challenge to distill the wisdom accumulated from the WTEC panel’s visits to laboratories
and research institutions across multiple countries on two continents into cogent conclusions that do
not fall prey to the pitfall of oversimplification. Nevertheless, the purpose of this study is not merely
to provide an encyclopedia of research progress and commercialization in NMSD, but also to reach
conclusions about what kinds of advances are being made and where, and what constitute the
enabling conditions of those advances. The research thrusts in even so delimited an area as the state
of NMSD in the United States, Europe, and Asia cannot be completely encapsulated in a few short
paragraphs; whatever is said here is assumed to be replete with caveats.
This “Future Prospects” chapter is divided into sections on Science and Technology, Applications,
and Economics and Sociology, in addition to the current section on International Comparisons: The
spectrum spaning from science to commerce that is implied in this structure underlies a basic
dichotomy of all applied science that describes differences between communities (i.e., academia vs.
industry); metrics (i.e., publications vs. patents); and objectives (i.e., knowledge vs. money).
Broadly speaking, the activities in Nanomodular Materials and Systems by Design in Europe are
weighted toward the academia–publication–knowledge end of this spectrum. Corresponding
activities in Asia are weighted toward the industry (commerce)–patent–money end of the spectrum.
The United States, for its part, maintains more of a balance between these two limits with a slight tilt
toward academia.
This conclusion is not meant to be taken in absolute terms. For example, the R&D emphasis in the
United States may be more balanced between publications and patents than in Europe or Asia, but it
may still be true that the United States has fewer publications than Europe and fewer patents than
Asia (see bibliometric study in Appendix D). The point is that the relative outlay of resources appears
to lean differently in the three regions.
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To go beyond the anecdotal evidence of the WTEC panel’s site visits, it is worthwhile to consult the
recent literature on patents and publications across the three continents. The field of NMSD is still
too nascent to have available a statistically significant sample of data on these issues. However, in
the area of graphene-related materials (which is the basis of much work in NMSD), a study authored
by many of the participants in the EU Graphene Flagship program in the journal Nanoscale (Ferrari
et al. 2015) noted that the geographical distribution of publications on graphene through December
2013 was fairly well balanced between the three regions, as shown in Table 7.1.
Table 7.1. Percentage of world, peer-reviewed
publications on graphene and related areas,
by geographical region (Ferrari et al. 2015)
Region

Percentage of
publications

Europe

34

Asia

31

North America

24

Other

11

On the other hand, when the metric of graphene-related patents (through July 2014) is considered
(Table 7.2), the results show a stark difference.
Table 7.2. The percentage of patents
for graphene and related materials,
by region (Ferrari et al. 2015)
Region

Percentage
of patents

China

40

United States

23

South Korea

21

Europe

9

Japan

3

Other

3

The bulk of the patents from China belong to its national Chinese Academy of Sciences, a
consequence of the centrally managed nature of that country’s government investments. In the case
of South Korea, the dominance of the patent area is overwhelmingly attributable to one corporation,
Samsung, and academic efforts at universities that have ties to Samsung.
In these results, about half of the relevant patents are in fact produced by academic institutions. In
Europe in particular, these academic patents dominate the region’s output, and in general, university–
industry collaborations are less important than in either Asia or the United States (although some
notable exceptions include Germany’s AMO GmbH and BASF).
Tables 7.1 and 7.2, taken together, paint a remarkable picture of the cultural differences between the
investment communities and the focuses of nanotechnology research and development in Europe,
Asia, and the United States. Again, the United States is somewhere in the middle in terms of whether
academia or industry dominates the output of publications or patents.
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In this study the WTEC panel witnessed, in addition to a large number of research projects and
results, a large array of institutions that handle funding for the ultimate research products (papers,
patents, etc.). The sources of funding and the structure of the funding agencies for all of
nanotechnology (not just NMSD) can be enumerated as follows (examples are not limited to the
WTEC site visits):
1. Private funding for startup companies with venture capital, e.g., South Korean electronics
companies (notably Samsung), and development areas such as Milan, Italy, and its
pharmaceutical companies.
2. Private funding for mid-sized to large market capitalization companies with internally directed
research, e.g., Samsung, NEC, Sanyo, Fujitsu, Intel, and IBM.
3. Public funding, mainly from national governments through small university grants.
4. Public funding for large, multiuniversity institutes, e.g., the Nanoelectronics Research Initiative
(NRI) programs (see https://www.src.org/program/nri/).2
5. Public funding for multigroup targeted projects, e.g., programs of the Japan Science and
Technology Agency (JST).
6. Public funding by dedicated agencies responsible for producing specific public goods, e.g., the
U.S. Department of Energy Nanoscale Science Research Centers (user facilities), Japan’s
National Institute for Materials Science (NIMS) Center for Materials Nanoarchitectonics
(MANA), and Sweden’s NanoLund Center for Nanoscience.
7. Public funding for major institutes dedicated to national or transnational projects, e.g., the EU’s
Graphene Flagship, and the Centres for Advanced 2D Materials and Graphene Research at the
National University of Singapore.
In Europe, the Graphene Flagship project dominates as both the funding source for research in areas
beyond graphene, i.e., NMSD activities, but also as an obstacle to those activities. As a statesponsored, fundamentally academic program of research, it suffers from the slow nature of all large
bureaucracies by promoting research in areas that are proven rather than ground-breaking. Graphene,
for example, has theoretical properties that relate to quantum field theory, and so state-sponsored
research programs on graphene naturally attract quantum field theorists. This focus does not serve to
promote applications.
By the same token fundamental breakthroughs in fabrication technology and in other aspects of
implementation are still essential in order for NMSD to realize its promises. Therefore without the
fundamental science investment, applications of NMSD will inevitably languish. That does not mean
that one area of the globe cannot continue focusing on applications while other areas of the globe
provide the basic scientific foundation. But the coexistence of the two within a given society has
obvious advantages. Clearly, while the precise recipe for success will never be known, this WTEC
study and the international experience gained from it elucidate the competing advantages and
disadvantages of fundamental research on the one hand and applications development on the other.
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PANELISTS
Pulickel M. Ajayan, PhD (Panel Chair)
Benjamin M. and Mary Greenwood Anderson Professor in Engineering
Professor and Chair, Department of Materials Science and Nanoengineering
George R. Brown School of Engineering
Rice University

Dr. Pulickel Ajayan is a pioneer in the field of carbon nanotubes. He currently holds joint
appointments at Rice University in the Departments of Materials Science and NanoEngineering,
Chemical and Biomolecular Engineering, and Chemistry. He has received numerous awards in these
fields, including the Senior Humboldt Prize, MRS medal, Scientific American 50 recognition, RPI
Senior Research Award, the Burton Award from the Microscopy Society of America, and the
Hadfield Medal for the Outstanding Metallurgist in India. He has been elected as a fellow of AAAS
to the Mexican Academy of Sciences and has been elected honorary member of MRS India. He is a
Distinguished Guest Professor in the School of Materials Science and Engineering at Tsinghua
University, China, and a Distinguished Visiting Professor of Shinshu University, Japan. Professor
Ajayan's research interests include synthesis and structure–property relations of nanostructures and
nanocomposites, materials science and applications of nanomaterials, energy storage, and phase
stability in nanoscale systems. Dr. Ajayan is on the advisory editorial board of several materials
science and nanotechnology journals and is on the boards of several nanotechnology companies.
Kaustav Banerjee, PhD
Professor, Electrical and Computer Engineering
Director, Nanoelectronics Research Laboratory
University of California–Santa Barbara

Dr. Kaustav Banerjee is Professor of Electrical and Computer Engineering and Director of the
Nanoelectronics Research Lab at the University of California–Santa Barbara (UCSB). He is also an
affiliated faculty member with the California NanoSystems Institute and the Institute for Energy
Efficiency at UCSB and holds visiting/guest professor appointments at leading universities in China,
Germany, Japan, and Singapore. Initially trained as a physicist, he received a PhD degree in Electrical
Engineering and Computer Sciences (with minors in Physics and Materials Science) from the
University of California, Berkeley, in 1999. His research interests include nanometer-scale issues in
CMOS VLSI, as well as emerging nanoelectronics. He is currently involved in exploring the physics,
technology, and applications of low-dimensional nanomaterials for next-generation green electronics,
photonics, and bioelectronics. A Fellow of the IEEE and American Physical Society, Prof. Banerjee’s
technical contributions have been recognized with numerous awards and honors. Among them, the
IEEE/ACM International Conference on Computer Aided Design (ICCAD) in October 2015
recognized a pioneering paper by Prof. Banerjee and coauthor Dr. Navin Srivastava, “Performance
Analysis of Carbon Nanotube Interconnects for VLSI Applications,” as ICCAD’s Ten-Year
Retrospective Most Influential Paper.
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Donald Brenner, PhD
Associate Department Head and Kobe Steel Distinguished Professor
Department of Materials Science and Engineering
North Carolina State University

Dr. Donald Brenner received a BS in Chemistry from the State University of New York and a PhD
in Chemistry from Pennsylvania State University. He was a staff scientist at the U.S. Naval Research
Laboratory before joining North Carolina State in 1994. His interests include atomistic simulations
of the structure, growth, and properties of thin films; simulated engineering of nanometer-scale
structures and devices; and solid-state chemical dynamics. His group's research uses atomic-scale
computer simulations to develop a fundamental understanding of many-body chemical dynamics in
condensed phases, with an emphasis on technologically important materials and processes. Specific
areas of interest currently include molecule–surface collisions and thin film vapor deposition; energy
transfer, friction, and tribochemistry and their influence on the wear of sliding solid interfaces; shockinduced chemistry in solids; nanometer-scale structure and mechanical properties of grain boundaries
in covalent materials; mechanisms of cross-linking and hardening of polymers via ion bombardment;
and the development of new strategies for engineering nanometer-scale structures and devices. He is
currently a member of the Scientific Advisory Committee for the Center for Nanoscale Materials at
Argonne National Laboratory, and a member of the NC State Academy of Outstanding Teachers.
Ahmed Busnaina, PhD
Director of NSF Nanoscale Science and Engineering Center
Director of NSF Center for Nano and Microcontamination Control
William Lincoln Smith Chair Professor
Mechanical and Industrial Engineering
Northeastern University

Dr. Ahmed A. Busnaina is a University Distinguished Professor, the William Lincoln Smith Chair
Professor, and the founding Director of the National Science Foundation (NSF) Nanoscale Science
and Engineering Center for High-Rate Nanomanufacturing and the NSF Center for Nano and
Microcontamination Control at Northeastern University in Boston, MA. Dr. Busnaina is
internationally recognized for his work on nano- and microscale defects mitigation and removal in
semiconductor fabrication. He specializes in directed assembly of nano-elements and in the
nanomanufacturing of micro- and nanoscale devices. He has developed many techniques for directed
assembly and nanomaterials-based manufacturing of nanoscale structures for energy, electronics,
biomedical, and materials applications. Busnaina has authored more than 600 papers in journals,
proceedings and conferences, and he has organized and chaired more than 175 conferences,
workshops, sessions, and panels for many professional societies. He is an associate editor of the
Journal of Nanoparticle Research. He is a fellow of the American Society of Mechanical Engineers,
and the Adhesion Society. His awards include a Fulbright Senior Scholarship, the 2006 Nanotech
Briefs National Nano50 Award–Innovator category, and the 2006 Søren Buus Outstanding Research
Award–Northeastern University.
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Padma Gopalan, PhD
Director, Nanoscale Science and Engineering Center
Professor, Department of Materials Science and Engineering
University of Wisconsin–Madison

Dr. Padma Gopalan received her PhD from Cornell University in 2001 and was a postdoctoral fellow
from 2001–2003 at Bell Laboratories, Lucent Technologies, before joining the faculty in the
University of Wisconsin–Madison College of Engineering. She is an expert in the molecular design,
synthesis, and characterization of novel functional organic/polymeric materials. Her research focuses
on self-assembly of block copolymers and liquid crystalline polymers into nanostructures with a wide
range of optical, electronic, or magnetic properties for applications in energy, microelectronics,
photonics, and bioengineering. In her lab and as director of the Nanoscale Science and Engineering
Center, she promotes collaborations among scientists in many disciplines and among modeling and
theoretical experts as well as experimentalists. Dr. Gopalan also works toward commercial
translation. She has developed a robust polymer coating, available for licensing, that can be formed
readily on many substrates for use in biological microarrays; it has high mechanical stability and
binding-site density, a signal-to-noise ratio three to six times higher than commercially available 2D
arrays of epoxy groups, and easy chemical tunability. She also is developing electrooptic materials
for high-speed modulators.
A. T. Charlie Johnson, PhD
Professor of Physics and Associate Chair for Undergraduate Affairs
Department of Physics and Astronomy
Director, Nano/Bio Interface Center
University of Pennsylvania

Dr. A. T. Johnson received his PhD in Physics from Harvard University in 1990. His research group
at the University of Pennsylvania investigates the nanometer-scale transport properties (charge,
energy, spin, and mass) of molecular and supermolecular systems, including carbon nanotubes and
graphene and hybrid nanostructures based on these materials conjugated with proteins, synthetic
peptides, and DNA. Additionally, the Johnson group has demonstrated how novel nanostructures and
hybrid nanosystems might be used to provide new approaches to molecular sensing as well as
electronics beyond conventional CMOS. In order to study the electronic properties of nanostructures
and nanosystems, his group uses nanofabrication techniques such as optical lithography, electron
beam lithography, thin film deposition, and etching approaches. After establishing a molecular
circuit, the group measures its properties using a variety of techniques, including low-temperature
magnetotransport, thermal conductivity measurement, and hybrid scanning probe techniques that
allow measurement of local electronic properties with nanometer-scale resolution. Professor Johnson
is also executive editor of the journal AIP Advances.
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Michael Stopa, PhD
Senior Theoretical Scientist
Nantero, Inc.

Dr. Stopa is a nationally recognized physicist who specializes in the theory of transport and electronic
structure properties of nanoscale materials. He directed the National Nanotechnology Infrastructure
Network Computation Project from 2004 to 2014. He has also taught graduate chemistry at
Massachusetts Institute of Technology. Dr. Stopa received his BA from Wesleyan University and his
PhD from University of Maryland, College Park. He has authored over 90 publications and has over
1000 citations to his work in the peer-reviewed literature. He is the principal theorist at Nantero, Inc.,
a company that is developing a new kind of computer memory based on carbon nanotubes.

ADVISOR TO THE NMSD PANEL
Boris I. Yakobson, PhD
Karl F. Hasselmann Chair in Engineering
Professor of Materials Science and NanoEngineering and Professor of
Chemistry
Rice University

Dr. Yakobson received his PhD in Physics and Applied Mathematics from the Russian Academy of
Sciences and has pursued his research and teaching at U.S. universities since 1990. He is an expert
in theory and computational modeling of nanostructures and materials, of their synthesis, mechanics,
defects and relaxation, transport, and electronics. Dr. Yakobson’s current research focuses on
methods of theoretical condensed matter and chemical physics used for understanding and predicting
materials properties, and relationships between structure and function (strength, conductance, color,
etc.) of nanoscale units, using advanced computations, simulation, and imaging. He has been a
pioneer in offshore oil and gas exploration and also is a philanthropist. Dr. Yakobson has received a
Nano 50 Award from the science magazine Nanotech Briefs for nanotechnology innovation, the
Department of Energy R&D Award, and the Royal Society (London) Visiting Professorship, among
other awards. He is an editorial board member of the Journal of Nanoparticle Research and a member
of the American Physical Society and the Electrochemical Society. His work has resulted in over
270 publications and seven patents.
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AIST: National Institute of Advanced Industrial Science and Technology
Site Address:

1-1-1 Higashi
Tsukuba, Ibaraki 305-8561 Japan
http://www.aist.go.jp/index_en.html

Date Visited:

March 24, 2015

WTEC Attendees:

Michael Stopa (report author), Kaustav Banerjee, Padma Gopalan,
A. T. Charlie Johnson

Host:

Dr. Yasuo Norikane1
Research Planning Office, AIST
y-norikane@aist.go.jp
Tel.: +81-29-861-4887

Other Attendees:

Dr. Natsuko Sakai
Director, International Affairs Division
Dr. Masataka Hasegawa
Nanotube Research Center
Dr. Atsushi Ando
Nanoelectronics Research Institute
Dr. Reiko Azumi
Electronics and Photonics Research Institute
Dr. Masaaki Maezawa
Nanoelectronics Research Institute

OVERVIEW
On the afternoon of March 24 the WTEC panelists and members took the short trip from Japan’s
National Institute for Materials Science (NIMS; see the NIMS site report in this appendix) to the
National Institute of Advanced Industrial Science and Technology (AIST). They are both in Tsukuba,
where the WTEC team visited AIST‘s materials laboratories within the Tsukuba Innovation Arena
for Nanotechnology (“TIA-nano”). AIST has a long history in Japan, beginning as the Geological
Survey of Japan in 1882. The core principle of AIST is an “open innovation strategy.” It is a major
Japanese institute for applied research that covers six major fields of research: Life Sciences, Nano
and Materials Science, Information Technology, Environmental Sciences, Geology, and Metrology.
The WTEC team could only see a very minor portion of this large institute (Figure B.1), even with
the visit restricted to 2D and nanomodular materials.
In the initial meeting, Michael Stopa of WTEC gave a presentation on the NMSD study objectives,
and Dr. Natsuko Sakai, Director of the International Affairs Division of AIST, gave an overview
presentation on AIST. In addition, AIST researchers gave three thematic presentations, following
which the WTEC team was escorted to tours of three associated laboratories. Many of the research
activities (as discussed below) related to single- and multilayer graphene and other 2D materials.

1

As of Fall 2015, Dr. Norikane heads the Molecular Assembly Group in AIST’s Electronics and Photonics Research
Institute, and Dr. Yoshihiro Kikkawa heads AIST’s Research Planning Office.
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Figure B.1. The Tsukuba Innovation Arena (TIA) for Nanotechnology is located on the west campus of the
National Institute of Advanced Industrial Science and Technology ~30 miles northeast of Tokyo.

FUNCTIONAL FOCUS
The Tsukuba Innovation Arena for Nanotechnology (TIA-nano) focuses on innovation in
nanotechnology for industrial products. The vision for the program describes three main components
of TIA-nano:
1. System and Integration Platform, includes Nanoelectronics, Power Electronics, MEMS, and
New R&D fields
2. Advanced Material Platform, includes Nano-Green, Carbon Nanotubes, and New R&D fields
3. Platform for Innovation, including Light/Quantum Instrumentation, Human Resource
Development, Open Research Facilities, and New R&D fields.
This program interfaces with industry (the main function of AIST) as well as universities and
financial and trading firms.
RESEARCH & DEVELOPMENT ACTIVITIES
The AIST presentations are described below. Each presentation was accompanied by a lab tour with
the respective principal investigator.
Natsuko Sakai, Director, International Affairs Division
Overview of AIST
AIST is the principal scientific organization in Japan dedicated to applied science. It is focused on
industrial competitiveness for Japan, and it partners with most of the major technology companies
(and many smaller ones) in Japan. TIA-nano is the major fabrication and characterization facility in
AIST and is operated jointly with NIMS and also the University of Tsukuba. It was founded in 2009
and claims 25 projects and 120 industrial partners overall.
Masataka Hasegawa, Nanotube Research Center
Dr. Hasegawa’s group focuses on graphene synthesis by plasma chemical vapor deposition (CVD).
It employs surface wave plasma CVD to fabricate large-area (of the order 23 x 20 cm) graphenebased transparent conductive films. The sheets are a few layers of graphene thick. The group’s
method (Kim et al. 2011) overcomes limitations of high-temperature atomic layer deposition (ALD)
and the long times for chemical reduction of graphene oxides. The work is highly relevant for
industrial applications of graphene to areas of printed electronics (Figure B.2).
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Figure B.2. Picture of a capacitive-type touch-panel fabricated using AIST’s graphene-based transparent
conductive film (courtesy Masataka Hasegawa).

Atsushi Ando, Nanoelectronics Research Institute
Reiko Azumi, Electronics and Photonics Research Institute
These two investigators conduct research at AIST on atomically thin layers of transition metal
dichalcogenides. Their laboratories focus on MoS2 and other dichalcogenides.
Masaaki Maezawa, Nanoelectronics Research Institute
Dr. Maezawa works on superconducting device and circuit fabrication at AIST’s
Nanocharacterization Facility Clean Room for Analog and Digital Superconductivity (CRAVITY).
Although Dr. Maezawa’s presentation and this laboratory were interesting, his group is concerned
with superconducting quantum computing and qubit fabrication and manipulation in standard
superconducting materials such as niobium and aluminum. Therefore, his work is somewhat
tangential to the theme of the WTEC NMSD study.
TRANSLATION
As noted in Dr. Sakai’s presentation, AIST is focused on industrial competitiveness for Japan, and it
partners with most of the major technology companies (and many smaller ones) in the country; it has
120 industrial partners.
SOURCES OF SUPPORT
AIST is a major Japanese institute for applied research. The approximately 2250 researchers
associated with AIST operate with an annual budget of about ¥94 billion per year (~ $800 million)
per year. A major nanoscience-related facility is TIA-nano (Tsukuba Innovation Arena for
Nanotechnology), which was established in 2008 with funding from Japan’s Ministry of Economy,
Trade and Industry (METI) and the Ministry of Education, Culture, Sports, Science and Technology
(MEXT) with a budget of approximately $375 million. TIA-nano is a joint program with the National
Institute for Materials Science and the University of Tsukuba, along with a number of participating
industries.
ASSESSMENT
AIST is a major research organization in Japan. Its principal objective is the advancement of
scientific research that relates to industrial competitiveness. The span of AIST is exceedingly large.
In the course of the WTEC study, we were exposed specifically to the research activities related to
2D materials (as opposed to assembly of more complicated structures).
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SELECTED REFERENCES
Kato, R., K. Tsugawa, Y. Okigawa, M. Ishihara, T. Yamada, and M. Hasegawa. 2014. Bilayer graphene synthesis by
plasma treatment of copper foils without using a carbon-containing gas. Carbon 77:823–828.
DOI: 10.1016/j.carbon.2014.05.087.
Kim, J., M. Ishihara, Y. Koga, K. Tsugawa, M. Hasegawa, and S. Iijima. 2011. Low-temperature synthesis of large-area
graphene-based transparent conductive films using surface wave plasma chemical vapor deposition. Appl. Phys.
Lett. 98: 091502. DOI: 10.1063/1.3561747.
Maezawa, M., M. Suzuki, and A. Shoji. 2002. Design and operation of a rapid single flux quantum demultiplexer,
Supercond. Sci. Technol. 15:1744–1748. DOI: 10.1088/0953-2048/15/12/324.
Ninomiya, N., T. Mori, N. Uchida, E. Watanabe, D. Tsuya, S. Moriyama, M. Tanaka, and A. Ando. 2015. Fabrication of
high-k/metal-gate MoS2 field-effect transistor by device isolation process utilizing Ar-plasma etching. Jpn. J. Appl.
Phys. 54:046502. DOI: 10.7567/JJAP.54.046502.
Okigawa, Y., R. Kato, T. Yamada, M. Ishihara, and M. Hasegawa. 2015. Electrical properties and domain sizes of
graphene films synthesized by microwave plasma treatment under a low carbon concentration. Carbon 82:60–66.
DOI: 10.1016/j.carbon.2014.10.029.
Yamada, T., M. Ishihara, J. Kim, M. Hasegawa, and S. Iijima, 2012. A roll-to-roll microwave plasma chemical vapor
deposition process for the production of 294 mm width graphene films at low temperature. Carbon 50: 2615–2619.
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Cnano Technology, Ltd.
Site Address:

B2-4, No. 9, Two Technology Street
BDA East District
Beijing 100023 China
http://www.cnanotechnology.com/en/index.html

Date Visited:

March 27, 2015

WTEC Attendees:

Don Brenner (report author), Pulickel Ajayan, Kaustav Banerjee,
Patricia Foland (WTEC)

Hosts:

Prof. Fei Wei
Director, Beijing Key Laboratory of Green Chemical Reaction Engineering and
Technology, Department of Chemical Engineering
Tsinghua University
wf-dce@tsinghua.edu.cn
+86 10 62785464
Prof. Xun Wang
Tsinghua University
wangxun@mail.tsinghua.edu.cn
+86 10 62792791

OVERVIEW
Cnano is a world leader in the industrial-scale manufacturing and supply of multiwall carbon
nanotube (MWCNT)-based products and conductive pastes for applications ranging from lithiumion batteries to conductive plastics, anti-static paints, and reinforced rubber tires. The company
leverages technologies for low-cost mass production and applications of CNTs for which it has an
exclusive license from Tsinghua University from research performed there.
Cnano’s R&D center in Beijing was established in July 2007, and since 2011–2012 it has operated
state-of-the-art ISO9001-certified production lines for CNTs in Zhenjiang, China. It has a total
annual capacity of 2,000 tons. In April 2015, the company finalized funding for a project to expand
its manufacturing operation in Zhenjiang to meet a growing demand for its products for the electric
vehicle and high-end consumer battery markets. Cnano has a U.S. subsidiary headquartered in Santa
Clara, CA. The company’s products are marketed around the world.
The WTEC study team visited the Beijing facility.
FUNCTIONAL FOCUS
Over the course of a decade, researchers from Tsinghua University and Cnano developed a number
of patented processes for Cnano’s catalytic continuous-mode production of high-quality carbon
nanotubes at tonnage capacity. Cnano’s CNT products are in the form of agglomerates of up to a few
hundreds of micrometers that can be dispersed into a variety of matrices, including liquid, polymer,
metal, and ceramics, resulting in high performance for a wide range of applications.
RESEARCH AND DEVELOPMENT ACTIVITIES
A majority of the Cnano capabilities were transferred to the Zhenjiang facility, and therefore the
activities observed by the U.S. delegation in the Beijing location were limited compared to other
visits during the trip. The U.S. delegation was introduced to some of the products within which Cnano
carbon nanotubes are used, and given a relatively brief tour of the characterization and storage
facilities for the Cnano nanotubes. This is largely an industrial setting that appeared to have
somewhat limited research and development activities.
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TRANSLATION
Cnano is largely a nanotube supplier for industry with a wide range of applications in the energy,
automotive, electronics, and aerospace realms. These industries take advantage of the electrical and
mechanical properties of carbon nanotubes for technologies that rely on large quantities of relatively
inexpensive materials
SOURCES OF SUPPORT
It appears that Tsinghua University, the National Natural Science Foundation of China, and the
Ministry of Science and Technology of the People’s Republic of China supported the initial research
through Tsinghua’s Beijing Key Laboratory of Green Chemical Reaction Engineering and
Technology, and its Center for Nano and Micro Mechanics. Additional support now comes from
product sales across the several industries listed above. A Cnano company expansion is being funded
through private venture capital investment, most recently the April 2015 $15 million Series C
financing for expanding Cnano’s Zhenjiang manufacturing lines.
ASSESSMENT
Cnano is an example of a successful transition from university research related to the production of
nanostructures to industrial-scale production and marketing. This was an important contrast to some
of the other visits and workshops held as part of this study, in which the research presented has not
yet matured to this stage in terms of industrial connections.
SELECTED REFERENCES
Cnano company website: http://www.cnanotechnology.com/en/index.html.

Patents
Tsinghua University (Fei Wei, Yao Wang, Guohua Luo, Hao Yu, Zhifei Li, Weizhong Qian, Zhanwen Wang, and
Yong Jin). 2009. Continuous mass production of carbon nanotubes in a nano-agglomerate fluidized-bed and the
reactor, US 7563427 B2.
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Fudan University (Workshop)
Site Address:

220 Handan Road
Shanghai 200433, China

Workshop Date:

March 23, 2015

WTEC Attendees:

Pulickel Ajayan (report author), Kaustav Banerjee, Don Brenner,
Ahmed Busnaina, Dimitri Pavlidis (NSF)

Hosts:

Prof. Xin Ping Qu
Vice Dean, School of Information Science and Technology
xpqu@fudan.edu.cn
+86 21 65643561
Prof. Yuanbo Zhang
Fudan University
zhyb@fudan.edu.cn
Prof. Ran Liu
Fudan University
rliu@fudan.edu.cn
Prof. Dacheng Wei
Fudan University
weidc@fudan.edu.cn

Speakers:

Prof. Xiaoming Xie
Vice Director, State Key Laboratory of Functional Materials for Informatics,
Shanghai Institute of Microsystem and Information Technology, Chinese
Academy of Sciences (CAS)
xmxie@mail.sim.ac.cn
+86 21 62511070
Prof. Jinfeng Jia
Shanghai Jiao Tong University
jfjia@sjtu.edu.cn
Prof. Canhua Liu
Shanghai Jiao Tong University
canhualiu@sjtu.edu
Prof. Xinran Wang
Nanjing University
xrwang@nju.edu.cn
Prof. Changgang Zeng
University of Science and Technology of China
cgzeng@ustc.edu.cn
Prof. Jiansheng Jie
Soochow University
jsjie@suda.edu.cn
Prof. Feng Miao
Nanjing University
miao@nju.edu.cn
Prof. Jianwen Zhao
SINANO, CAS
jwzhao2011@sinano.ac.cn
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OVERVIEW
The U.S.–China workshop on Nanomodular Materials and Systems by Design was held at Fudan
University, Shanghai, which has nearly 40,000 students and is among the top five universities in
China. A large number of Chinese researchers and faculty from leading institutions around Shanghai
participated, including researchers from Fudan University, Shanghai Jiao Tong University, Nanjing
University, University of Science and Technology of China, Soochow University, Shanghai Institute
of Microsystem and Information Technology (SIMIT), and Suzhou Institute of Nano-Tech and
Nano-Bionics (SINANO). The world-class research presented at the workshop was highlighted by
several young researchers, a number of whom had spent time working in the United States. The
whole-day workshop was very cordial and resulted in several productive discussions and ideas for
collaborations between the U.S and Chinese delegates.
FUNCTIONAL FOCUS
The workshop focused on the science and engineering of nanomaterials, in particular nanomodular
systems and two-dimensional (2D) materials. The topics covered ranged from optical and electronic
properties of 2D systems, to graphene growth and scalable manufacturing, to printed electronic
circuits from size-selected single-walled carbon nanotubes. The workshop captured the state-of-theart research on 2D materials being conducted at Chinese institutions and demonstrated the emergence
of excellence in competitive nanosystems research being done around the world. There is a strong
emphasis on scalable manufacturing of materials, synergistic experimental-theory efforts in
understanding new physics in materials, and possibilities for commercialization of graphene-based
products. China has made large investments promoting large projects, and there has been a quantum
jump in the quality of publications and product development there in recent years.
RESEARCH AND DEVELOPMENT ACTIVITIES
The workshop started with opening remarks from the host Prof. Xin Ping Qu of Fudan University
and Prof. Ahmed Busnaina of Northeastern University, one of the U.S. panel members. Their remarks
emphasized the importance of collaborations between the two countries in the area of nanomodular
systems. The opening remarks were followed by twelve talks detailing various aspects of 2D
materials and nanosystems. Highlights of these talks are briefly summarized below.
Pulickel M. Ajayan (Rice University)
Engineering at the Nanoscale and Nanomodular Systems
Dr. Ajayan’s talk described the nature of the NSF-sponsored study on nanomodular materials and
systems by design and reviewed the broad challenges and opportunities that exist in the field. Despite
tremendous progress in the design of nanoscale building blocks, progress has been limited when it
comes to putting these together into functional devices and architectures. Two-dimensional materials
is a case in point, where the thinking has been to assemble individual layers of different compositions
and electronic structures into stacked, modular structures with multifunctional properties; however,
there are fundamental limitations in this approach in terms of perfect organization, interfaces, and
scalable manufacturing. The talk highlighted the overall challenges in creating nanomodular systems,
providing several examples but focusing on 2D materials.
Ahmed Busnaina (Northeastern University)
Directed-Assembly-Based Nanomanufacturing for Creating Nanomodular Devices and Systems
Dr. Busnaina’s talk detailed the ongoing efforts in the United States, particularly at Northeastern
University, related to the scalable manufacturing of devices and sensors based on nanoscale systems.
A universal deposition system is being developed for printing various kinds of nanostructures and
nanostructure-based devices. Dr. Busnaina described several interesting possibilities for the scalable
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manufacturing of nanoscale devices based on nanotubes, graphene, and MoS2, suggesting the
importance of tools that would enable the creation of nanomodular systems in the future.
Don Brenner (North Carolina State University)
Simulation Challenges for Nanomodular Systems
Dr. Brenner started his talk with a brief overview of theory and modeling challenges for nanomodular
systems from the atom level through to the meso- and functional scales. He then presented results
from the groups of Prof. Glotzer at the University of Michigan, Prof. Yingling at North Carolina
State University, and Prof. Brenner, also at North Carolina State, regarding predicted assembly of
nanostructures. The latter included first-principles-based calculations that were related to the
hydrothermal synthesis of individual and assembled nanoclusters. Dr. Brenner also discussed two
examples of multiphysics modeling related to predicting the properties of assembled nanostructures.
Yuanbo Zhang (Fudan University)
Electronic Properties of Novel 2D Materials
Dr. Zhang detailed the electrical properties of 2D materials systems such as black phosphorous and
tunable phases in TaS2 and discussed the role of interfaces in device performance, interesting new
physics such as superconductivity in 2D systems, charge density waves, Mott insulators, thicknessdependent phase transitions, and other issues such as environmental stability of 2D atomic layers.
For devices he discussed gate-controlled intercalation and doping of 2D layers.
Jinfeng Jia (Shanghai Jiao Tong University)
Novel Properties of Low-Dimensional Structures; Quantum Materials Studied by In Situ
STM/ARPES
Dr. Jia’s talk focused on the physics of different types of nanostructures such as quantum dots and
lead (Pb) nanowires, as well as topological insulators such as Bi2Te3. Angle-resolved photoelectron
emission spectroscopy (ARPES), scanning transmission microscopy (STM), and other local probe
techniques were used to understand the properties of these nanostructures and 2D layers. Dr. Jia
described several interesting phenomena related to electronic structure of these nanostructures. One
highlight was the demonstration of superconductivity via proximal effects and the coexistence of
superconductivity and topological surface states in systems such as Bi2Se3/NbSe2 hybrids.
Xinran Wang (Nanjing University)
Electronic Devices of 2D Semiconductors—From Atomic to Molecular
Dr. Wang discussed the device aspects of different types of 2D semiconductors such as silicene and
molybdenum disulfide (MoS2). He highlighted the importance of optimizing defects, interfaces,
contacts, etc., to achieve mobility engineering in 2D devices. He also presented some work on 2D
(organic) molecular crystals.
Changgang Zeng (University of Science and Technology of China)
From 2D sp-Electron Gas to 2D d-Electron Liquid
The focus of Dr. Zeng’s talk was emergent effects at transition metal oxide interfaces. Prof. Zeng
discussed interfacial engineering, interfacial ordering and magnetism, spin-orbit coupling, and
superconductivity in these interfacial engineered oxide systems.
Jiansheng Jie (Soochow University)
2D Layered Materials/Si Heterojunctions for Energy and Optoelectronic Applications
Dr. Jie discussed several applications based on 2D atomic layers—applications in solar cells,
photodetectors, and optoelectronic devices in systems such as 2D-Si junctions (graphene-Si,
TMD-Si, etc.), and PMMA-coated graphene-Si solar cells (polymer acting as antireflection coatings)
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with several possible applications of these extending to the heterojunction behavior of quantum dots
with other materials.
Ran Liu (Fudan University)
Optical and Electrical Studies of Low-Dimensional Electronic Materials
Dr. Liu described several systems for understanding the electronic and optical properties of 2D and
hybrid systems. Examples included Al2O3 on graphene by atomic layer deposition (ALD) growth,
graphene FETs, photothermoelectric devices, and photodetectors based on MoS2. An interesting
highlight of Dr. Liu’s talk was his discussion of his lab’s use of Raman spectroscopy to understand
the stacking order from stacked 2D layer structures.
Xiaoming Xie (Shanghai Institute of Microsystem and Information Technology, CAS)
Silane Catalyzed Single-Crystalline Graphene Growth on h-BN
Dr. Xie’s talk described novel ways of growing single-crystalline graphene on substrates such as
h-BN. Silane was used as a unique catalyst to increase the domain size and the growth rate of
graphene. Dr. Xie also discussed his lab’s work on the alignment between graphene and h-BN. He
highlighted the visualization of grain boundaries in graphene and dislocations.
Feng Miao (Nanjing University)
Integrated Digital Inverters Based on 2D Anisotropic ReS2 Field Effect Transistors
Dr. Miao focused on one of the interesting members of the 2D transition metal dichalcogenide
(TMD) family, ReS2, and he described ReS2-based FET devices. Dr. Miao’s group has made and
characterized single-layer and few-layer ReS2 based devices (the band gap is not thickness
dependent). The material is anisotropic in the plane, and the group found conductance and mobility
to be angle-dependent. Dr. Miao showed several applications of this novel 2D material, in particular,
a working digital inverter made by integrating two anisotropic FETs (Figure B.3).

Figure B.3. Demonstration at Nanjing University of a digital inverted device integrating two anisotropic FETs.
The lattice orientation introduces an alternate design variable to tune device transport properties
and optimize circuit performance (Liu et al. 2015).

Dacheng Wei (Fudan University)
Controllable Growth of Graphene Materials by CVD for Electrical Devices
Dr. Wei described an interesting new growth technique for the scalable growth of graphene. The
technique, critical plasma-enhanced CVD (c-PECVD), uses no catalyst, and the growth temperature
is lower (400–600 degrees Celsius) since the H2 plasma keeps the edges active during growth. No
transfer is required because the growth can be done directly on insulating substrates. Several
variations of graphene material such as nitrogen-doped graphene and graphene nanoribbons have
also been produced by this technique. Some of these materials are being used as electrodes for
supercapacitors and organic electronics.
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Jianwen Zhao (Suzhou Institute of Nano-Tech and Nano-Bionics, CAS)
Flexible Printed Thin Film Transistors (TFTs) and Circuits Based on Polymer Sorted Sc-SWNTs
Dr. Zhao’s talk preceded the study team’s site visit to SINANO the following day to see the facility
for printed electronics using nanotubes and other selected nanomaterials. The talk detailed a large
number of electronic devices that can be printed from nanotubes that have been chirality-selected
(into semiconducting nanotubes) by a polymer sorting technique. SINANO has made several devices
such as printed logic gates, inverters, ring oscillators, TFTs, CMOS circuits, and OLED driving
circuits using this approach.
TRANSLATION
There is strong interest in China generally and among several of the researchers who presented their
research to develop products and work with industry to commercialize products. Prof. Xiaoming Xie
discussed the general funding situation in China for 2D materials. He mentioned that there is a large
number (~1500) of projects on 2D materials with an overall budget of US$100 million (total
investment so far) from national agencies in China. The projects are typically US$80–100 thousand
per year, but some larger multiyear group projects with budgets up to $10 million also exist. Local
government is also funding projects of several million U.S. dollars, mostly focused on
commercialization of graphene products. The interesting aspect is that a significant amount of
industry funding is available (probably in the range of US$100–500 million in the next several years)
for development and commercialization of graphene and 2D-materials-based products. In the coming
years, it is expected that there is going to be a strong interest and corresponding funding from local
governments and industry in China to commercialize graphene and 2D-materials-based products.
China is already the leading producer of carbon nanotubes in the world, and the situation is going to
be very similar for graphene.
SOURCES OF SUPPORT
As mentioned in the previous section, the funding sources in China are mixed. National agencies
provide broad-based funding to principal investigators for fundamental science. This funding is
spread around, but they also provide focused funding to groups to develop certain scientific
directions. Local governments often fund research with the aim of commercialization and bringing
jobs to their regions. Industry funding could be quite large, if the industries are convinced of the
potential in a specific area. Graphene and 2D materials seem to be poised to receive substantial
funding from industry in the near future.
ASSESSMENT
The universities and research institutes that were involved in this workshop are leaders in the basic
science and applications of graphene and 2D materials systems. Their model appears to be similar to
that in the United States, but on a larger scale, performing basic research with an eye on applications
and technology transfer. Industry seems to be keenly watching the developments and ready to put in
funds to commercialize products. Given the outstanding quality, the number of researchers involved,
and the willingness to adapt best practices and policies from international research efforts, the
research from these institutions in China will continue to play a leading role in the development of
2D materials and technologically relevant nanomodular systems.
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OVERVIEW
The U.S.-Korea Nanomodular Materials and Systems by Design workshop was held in the sixth floor
conference room of the Hanyang Institute of Technology Building of the Hanyang University Seoul
Campus. The university has about 35,000 students and is among the top-ranked universities in Korea.
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A large number of first-rate Korean researchers and faculty from universities and research centers
near Hanyang participated in the NMSD workshop, representing leading Korean institutions,
including Pohang University of Science and Technology (POSTECH), Cheorwon Plasma Research
Institute (CPRI), Samsung Advanced Institute of Technology (SAIT), Yonsei University, Sung Kyun
Kwan University (SKKU), and Gwangju Institute of Science and Technology (GIST). The wholeday workshop consisted of stimulating presentations, punctuated by lively question-and-answer
periods and discussions between the U.S. and Korean delegates.
FUNCTIONAL FOCUS
The topics covered by the workshop speakers included optical and electronic properties of twodimensional (2D) systems, graphene growth and doping, graphene nanocomposites, scalable
manufacturing, heterostructures of 2D materials, and graphene-superconductor hybrid circuits. The
workshop reviewed the state-of-the-art research on 2D materials being conducted by researchers in
Korean institutions and the competitive quality of their current research on nanomodular systems by
design. There was strong emphasis on scalable manufacturing of graphene and graphene
heterojunctions, along with device applications. Recent years have seen significant investment by
Korea in this research area, which has led to increases in the number and quality of scientific
publications and progress towards meaningful applications.
RESEARCH & DEVELOPMENT ACTIVITIES
The WTEC panel’s host, Prof. Jinho Ahn of Hanyang University, and panelist Prof. Ahmed Busnaina
of Northeastern University initiated the workshop with their welcoming remarks, both stressing the
value of the collaborations between the two countries in the area of nanomodular systems. Their
introduction was followed by twelve talks by both Korean and U.S. participants detailing various
aspects of their work on 2D materials and other nanosystems. These are briefly summarized as
follows.
Padma Gopalan (University of Wisconsin, Madison)
Promise and Challenges of Directed Self-Assembly Methods in 2D Materials
Dr. Gopalan’s talk emphasized the nature of the broad challenges and opportunities that exist in the
field of self-assembly in 2D materials. There has been significant progress in the design and assembly
of nanoscale building blocks, and methods are emerging to utilize these approaches for functional
devices and architectures. Dr. Gopalan highlighted the overall challenges in creating nanomodular
systems, with several examples focused on both 2D and 1D materials.
Myung Mo Sung (Hanyang University)
Wafer-Scale CVD-Grown Graphene with Enhanced Electronic Transport Properties by DefectSelective Atomic Layer Deposition
Dr. Sung’s talk focused on wafer-scale growth of graphene by chemical vapor deposition (CVD), as
well as how the material properties (specifically electronic transport) may be enhanced through
atomic layer deposition of material that targets defects and grain boundaries in the graphene film.
The work of Dr. Sung’s group has shown that the deposited material (ZnO) acts as an n-type dopant,
and the doping level varies with ZnO thickness. The graphene properties could be significantly
improved, leading to higher-quality graphene devices. The method is also suitable for use on
molybdenum disulfide (MoS2) and tungsten disulfide (WS2).
Tae Woo Lee (POSTECH)
Air-Stable Solution-Processed Doping for Graphene Electronics
Dr. Lee’s talk covered a wide range of topics that his group is addressing in flexible organic
electronics and other areas (e.g., perovskite LEDs). There was a focus on the need to replace ITO
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(indium-tin-oxide) for flexible OLED displays; graphene may be useful in this regard, but chemical
doping is required in order to adjust the work function of the material. Dr. Lee described several
novel approaches, including methods that may be suitable for air-stable doping.
Seong In Kim (Cheorwon Plasma Research Institute)
Nanostructured Hybrid of Polymer, Poly(dopamine), Metal, and Exfoliated Graphite
Dr. Kim’s talk detailed his group’s efforts in the area of graphene composites inspired by the structure
of biocomposite materials. A radio-frequency (rf) thermal plasma was used to vaporize graphite in
the presence of metal, leading to chemical bonding between these two materials. Polydopamine was
then applied to the material, which was suitable for injection molding into useful components.
Improvement was observed in the fracture modulus and surface resistance. The resulting materials
were comparable in performance to PPS, a very-high-quality engineering plastic.
Ahmed Busnaina (Northeastern University)
Directed-Assembly-Based Nanomanufacturing for Creating Nanomodular Devices and Systems
Dr. Busnaina’s talk detailed the ongoing efforts in the United States, particularly at Northeastern
University, related to the scalable manufacturing of devices and sensors based on nanoscale systems.
A universal deposition system has been developed for printing various kinds of nanostructures and
nanostructure-based devices. Dr. Busnaina described several interesting possibilities for the scalable
manufacturing of nanoscale devices based on nanotubes, graphene, and MoS2, suggesting the
importance of tools that could enable the creation of nanomodular systems in the future.
Seongjun Park (Samsung Advanced Institute of Technology)
Graphene and 2D Materials for Electronic Devices
Dr. Park detailed efforts at SAIT that are directed towards applications of graphene and other 2D
materials. The graphene project at SAIT is large, involving 30 PhD students. They have investigated
a number of potential applications of graphene through the project, including high-performance
transistors, THz devices, ITO replacement, sensors, flexible devices, and supercapacitors. Dr. Park
provided details on their work on the graphene-silicon barristor. Other topics he addressed included
growth of graphene on germanium, inductively coupled plasma chemical vapor deposition (ICPCVD) of graphene, growth of hexagonal boron nitride on nickel, and atomic layer deposition (ALD)
on graphene.
Seongil Im (Yonsei University)
Two-Dimensional MoS2 and WSe2 Toward Device Applications
Dr. Im’s talk focused on various prototype devices that his group is pursuing based on twodimensional materials. Examples he gave included a nonvolatile memory cell, photodetector
transistor, transparent gate transistor, and a hybrid complementary inverter circuit.
A. T. Charlie Johnson (University of Pennsylvania)
Modular Nano-Bio Materials and Systems
Dr. Johnson detailed ongoing efforts in the United States, particularly at the University of
Pennsylvania, in the area of nano-bio devices and systems. His talk included a discussion of how the
field is being revolutionized by the development of scalable nanomanufacturing based on
one-dimensional and two-dimensional nanomaterials. He provided details on a number of nano–bio
systems appropriate for sensitive and specific chemical detection.
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Hu-Jong Lee (POSTECH)
Novel Features of Graphene-Based Superconducting Pair-Current Junctions
Dr. Lee’s talk focused on his group’s work on superconducting devices (Josephson junctions) based
on graphene contacted by superconducting lead electrodes. Lateral devices were found to be in the
diffusive junction limit, with a measurable Cooper pair supercurrent that could be modulated by the
gate voltage. Classic Josephson junction phenomena were observed, including modulation of the
supercurrent by a magnetic field and Shapiro steps in the presence of microwave radiation. Properties
of a superconducting graphene barrister were also measured. His group has created devices that
exhibit macroscopic quantum tunneling and may be suitable for use as qubits. He also presented
multiphoton absorption data. A vertical sandwich structure was shown for the first time to exhibit
effects expected for a short ballistic junction.
Won Jong Yoo (Sung Kyun Kwan University)
Heterostructured Semiconductor Devices Using Emerging 2-Dimensional Materials
Dr. Yoo’s talk discussed the device aspects of different types of 2D semiconductors such as
phosphorene and MoS2. He discussed methods for formation of a p-n junction by chemical doping
using boron nitride as a mask material. In his group’s work, vertical p-n junctions were created in
multilayer films by partially doping the material from the top surface (Figure B.4). He also presented
an all-two-dimensional material stacked memory element.

Figure B.4. Schematic of fabrication of a vertical MoS2 p-n junction, along with optical and atomic force
micrographs of experimental devices that were studied by Dr. Won Jong Yoo and colleagues
(Li et al. 2015).

Byung Hun Lee (Gwangju Institute of Science and Technology)
Towards the Electronic Device Applications of Graphene
The focus of Dr. Lee’s talk was on critical aspects of graphene device fabrication. He presented a
novel method his group is using for graphene transfer using vacuum and heat. He also discussed
methods for optimized annealing of graphene devices. Dr. Lee’s group has developed a graphene
photodetector with nearly uniform response across the visible and infrared spectrum. The group has
used ZnO on top of graphene to develop a high-performance barristor device.
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Sungjoo Lee (Sung Kyun Kwan University)
Integration of Hybrid 2D Materials and Their Applications
Dr. Lee’s group is focused on novel materials synthesis and device applications. He presented details
of the group’s experiments on direct growth of graphene on boron nitride (BN). Growth of BN
originates at defect sites in the graphene created by a plasma treatment. Dr. Lee discussed methods
for controlling the number of atomic layers for MoS2 grown by CVD (Figure B.5) and presented
useful dopant systems for MoS2 and tungsten diselenide (WSe2). He discussed a dye-sensitized MoS2
photodetector, along with a new sort of graphene barristor implemented with WSe2, and he presented
his group’s experiments on new types of 2D materials, including the transition metal carbides
sometimes referred to as “MXenes”. These atomic layers consist of a sandwich with transition metal
atoms on the top and bottom, with carbon atoms in the middle. They were found to be generally quite
reactive, with high mobility (~10,000 cm2/V-s) and small energy bandgap.

Figure B.5. Schematic from Dr. Sungjoo Lee’s talk showing how plasma treatment may be used to control
the number of atomic layers of MoS2 grown by chemical vapor deposition (Jeon et al. 2015).

TRANSLATION
There appears to be significant interest in Korea in product development and industrial collaboration,
and several of the presenters had projects in this area. There was no specific discussion of funding
mechanisms, but from the talks it was clear that there are numerous projects in universities, industry,
and government laboratories, ranging in scale from modest, single-investigator projects to very
significant efforts, as in the case of the Samsung Advanced Institute of Technology. However, at the
same time, it remains unclear what sort of applications will be the most important for graphene,
related two-dimensional materials, and nanomodular systems in general. As is clear from the talk
summaries, Korean researchers are exploring a number of avenues, ranging from nanocomposites to
electronic devices for digital computing, optoelectronics, and quantum computation. There is strong
interest in Korea in commercialization of graphene and related materials from both government and
industry, with a very high level of research support. Korea has been a driver in the field for several
years to this point, and the nation appears poised to continue its leadership in the area.
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SOURCES OF SUPPORT
As mentioned in the previous section, both government and industry provide substantial research
support in Korea. National agencies provide broad-based funding to principal investigators for
fundamental science, but they also provide focused funding to groups to develop certain scientific
directions. Funding from industry can be large if a topic area is seen as having significant
commercialization potential. Graphene and 2D materials seem to be poised to continue to receive
substantial funding moving forward.
ASSESSMENT
The universities and research institutes represented at this meeting are leaders in the basic science
and applications of graphene and 2D materials systems. The model appears to be similar to that of
the United States. University groups are oriented towards basic and applied research projects that are
motivated by the potential for applications and technology transfer. Industry works to identify the
most promising emerging technologies that are suitable for commercialization. The level of research
activity and quality are high, suggesting that these institutions will continue to play a leadership role
in the technology of nanomodular materials and systems.
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lithography. J. Vac. Sci. Technol, 27, 2922.
Han, T.-H., Y. Lee, M.-R. Choi, S.-H. Woo, S.-H. Bae, B. H. Hong, J.-H. Ahn, and T.-W. Lee. 2012. Extremely efficient
flexible organic light-emitting diodes with modified graphene anode. Nat. Photon 6:105.
Jeon, J.H., S.K. Jang, S.M. Jeon, G.W. Yoo, Y.H. Jang, J.-H. Park, and S.J. Lee. 2015. Layer-controlled CVD growth of
large-area two-dimensional MoS2 films. Nanoscale 7(5):1688-1695. DOI: 10.1039/C4NR04532G
Kim, M., D. Jeong, G.-H. Lee, Y.-S. Shin, H.-W. Lee,and H.-J. Lee. 2015. Tuning locality of pair coherence in graphenebased Andreev interferometers. Sci. Rep. 5:8715.
Lee, S., S. K. Lee, C.G. Kang, C. Cho, Y.G. Lee, U. Jung, and B.H. Lee. 2015. Graphene transfer in vacuum yielding a
high quality graphene. Carbon 93:286. DOI: 10.1016/j.carbon.2015.05.038.
Li, H.-M., D. Lee, D. Qu, X. Liu, J. Ryu, A. Seabaugh, and W.J. Yoo. 2015. Ultimate thin vertical p-n junction composed
of two-dimensional layered molybdenum disulfide. Nat. Comm. 6:6564. DOI: 10.1038/ncomms7564.
Wang, M., M. Kim, D. Odkhuu, N. Park, J. Lee, W.-J. Jang, S.-J. Kahngi, R.S. Ruoff, Y.J. Song, and S. Lee. 2014.
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Korea Institute of Science and Technology (KIST) Post-Silicon Semiconductor Institute
Site Address:

5, Hwarang-ro 14-gil
Seongbuk-gu
Seoul 136-79
Republic of Korea
http://eng.kist.re.kr/kist_eng/main/
http://eng.kist.re.kr/kist_eng/?sub_num
=1596

Date Visited:

March 26, 2015

WTEC Attendees:

Padma Gopalan (report author), A. T. Charlie Johnson, Ahmed Busnaina,
Hassan Ali (WTEC)

Hosts and Presenters:

Prof. Joonyeon Chang, PhD
Director-General
Post-Silicon Semiconductor Institute
presto@kist.re.kr
+82-2-958-6822
Prof. Hyunjung Yi, PhD
Senior Research Scientist
Biomaterials and Bioelectronics Laboratory
International R&D Academy
hjungyi@kist.re.kr
+82-2-958-6823
Prof. Yong-Won Song, PhD
Principal Research Scientist
Center for Opto-electronic Materials and Devices
ysong@kist.re.kr
+82-2-958-5373
Prof. Lee Suyoun, PhD
Principal Researcher
Electronic Materials Research Center
slee_eels@kist.re.kr
+82-2-958-6679
Samgyu Lee
Senior Administrator
Research Support Team Leader
Post Silicon-Semiconductor Institute
speed74@kist.re.kr
+82-2-958-6138
Tae-Eon Park, PhD
Intern Researcher, Center for Spintronics
Post-Silicon Semiconductor Institute

OVERVIEW
The Korea Institute of Science and Technology (KIST) was founded in 1966 with the goal of
facilitating technology transfer between scientists and industry. This was jointly funded by the
Korean government and by the U.S. government as part of an aid package. There are two branches
in Korea, in Gangneung and Jeonbuk, and there are other joint sites in the United States, Europe, and
Asia. In the United States there are KIST-Purdue, KIST-BNL, and KIST-UC Berkeley, and in Europe
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there are the KIST-CNRS (France) and KIST-ENEA (Italy) global research centers. In total, there
are about 1,978 research scientists, fellows, and students in KIST and about 250 staff members
(technicians, clerks, administrators, and specialists). In 1981 KIST was integrated with the Korea
Advanced Institute of Science (KAIS) and named the Korea Advanced Institute of Science and
Technology or KAIST, but it was separated back to KIST in 1989. Its 2013 R&D budget was
KRW255,366 million (~US$225 million). KIST also offers PhD and master’s degree programs by
collaborating with universities.
Dr. Lee Byung Gwon is the President of KIST. The WTEC study team visited KIST’s Post-Silicon
Semiconductor Institute (PSI), hosted by Prof. Joonyeon Chang, its Director-General. The institute
has 49 PhD research staff members, 120 graduate students, and 20 post-doctoral researchers.
FUNCTIONAL FOCUS
The Post-Silicon Semiconductor Institute is focused on developing core technologies in four
electronics research areas, each of which has a dedicated research center: the Center for Electronics
Materials, the Center for Spintronics, the Center for Opto-Electronic Materials and Devices, and the
Center for Quantum Information. In addition, PSI aims to develop cutting-edge technology in two
main areas: (1) 3-5 CMOS devices based on In(Ga)As(Sb) epitaxially grown on Si substrates, which
would be used for both n- and p- type devices; and (2) wearable or attachable electronics for health
monitoring based on transparent, flexible, and anatomically friendly materials.
RESEARCH & DEVELOPMENT ACTIVITIES
KIST defines its research areas of emphasis as Brain Science (neuroscience, neuromedicine,
biomicrosystems); Biomedicine (bionics, biomaterials, theragnosis); Green City Technology (water
resource cycle, environment, health, welfare, and energy convergence); Post-Silicon Semiconductor
(future convergence research) (spin convergence, interface control, high-temperature energy
materials, optoelectronic materials, molecular recognition, nanoquantum information, and photoelectronic hybrid research); Robotics and Media; Materials and Life Science; and National Agenda
(fuel cells, clean energy, sensor systems). KIST also has a focus on international cooperative R&D.
The WTEC panel met with six scientists from PSI, three of whom gave talks about their research
areas; the team did not visit labs at KIST. The talks were quite different in their emphasis, covering
topics ranging from 2D materials, to bioelectronics, to III-V materials.
Dr. Tae-Eon Park (Center for Spintronics, PSI)
The first talk was by Dr. Tae-Eon Park, an intern researcher at the PSI Center for Spintronics. His
work was mainly on MoS2-based “valleytronics” devices (these aim to utilize the wave quantum
number rather than the spin of the electron in a crystalline material to encode information).
Researchers at the Center for Spintronics have developed a niobium-based substitutional doping
strategy to increase hole mobility. Dr. Park also talked about other bipolar doping strategies for 2D
transition metal dichalcogenides (TMDs).
Prof. Hyunjung Yi (Biomaterials & Bioelectronics Laboratory; International R&D Academy)
The second talk was by Prof. Hyunjung Yi, a senior research scientist in the Biomaterials and
Bioelectronics Laboratory. This was a most interesting talk, which highlighted KIST research in the
areas of sensors and wearable electronics. Dr. Yi received her PhD with Angela Belcher at MIT. She
uses bacteriophages engineered to present aromatic amino acid residues to bind to nanotubes and
uses a hydrodynamic assembly technique to make a large-area conductive mesh that can be scaled
up to 10 cm in length. The group has demonstrated LEDs with 200,000 cycle lifetimes that stay
conductive and flexible. At the time of the WTEC team’s visit, the lab was developing pressure
sensors, tactile sensors, glucose sensors, and neural probes using these nanotube meshes (see Figure
2.6 in Chapter 2).
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Prof. Joonyeon Chang (Director-General, PSI)
The third talk was by Joonyeon Chang, who gave an overview of the Post-Silicon Semiconductor
Institute. He highlighted the fact that in focusing on the post-silicon technologies, his group has
chosen to work on III-V semiconductors; however the growth still has to be on silicon. They are
trying to overcome the challenges of heteroepitaxial growth problems. They want to focus on this
due to spin and magnetic properties, ability to form very high mobility transistors, memory devices,
DRAM, plasmonics, spintronics, and photoelectronic devices. It is very hard to grow InGa(As) Sb
on Si due to lattice mismatch problems; they are trying to address this. In addition to III-V they are
also working on graphene–quantum dot combinations and 2D materials (MoS2).
TRANSLATION
KIST was founded on the principle of enabling technology transfer to industry. It has a number of
industrial partners as well as government agencies that it works with. Since 2000 translation of
research has resulted in advances in technologies ranging from development of hydrogen fuel cells
for vehicles, dye sensitized solar cell manufacturing technology, flexible memory cell arrays, and
advances in the field of biomedical engineering such as edible anticancer drugs.
SOURCES OF SUPPORT
KIST has funding both from the government and through industrial contracts. In 2013, KRW120,000
million (~US$103.3 million) came from government projects, KRW10,000 million (~US$8.6
million) came from private projects, and KRW130,000 million (~US$112 million) came from
institutional projects.
ASSESSMENT
Close partnership between academic and industrial partners has been the key to making breakthrough
advances at KIST. Many KIST researchers have been trained in the United States and have gone
back to Korea to set up these leading groups; hence, natural connections exist that should be
leveraged for future joint initiatives.
SELECTED REFERENCES
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http://aappsbulletin.org/myboard/read.php?Board=featurearticles&id=143.
Lee, K.Y., H.H. Byeon, C. Jang, J.H. Choi, I.S. Choi, Y. Jung, W. Kim, J.Y. Chang, and H.J. Yi. 2015. Hydrodynamic
assembly of conductive nanomesh of single-walled carbon nanotubes using biological glue. Adv. Mater. 27(5):922–
928. DOI: 10.1002/adma.201404483.
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National Institute for Materials Science (NIMS), International Center for Materials
Nanoarchitectonics (MANA)
Site Address:

1-1 Namiki
Tsukuba, Ibaraki
305-0044 JAPAN
http://www.nims.go.jp/mana/

Date Visited:

March 24, 2015

WTEC Attendees:

Michael Stopa (report author),
Kaustav Banerjee, Padma Gopalan, A. T. Charlie Johnson

Host:

Takahiro Fujita, PhD
MANA Administrative Director
fujita.takahiro@nims.go.jp
+81-29-860-2016

Other Attendees:

Minoru Osada, PhD
MANA, Associate Principal Investigator
Osada.minoru@nims.go.jp
+81-29-860-4352
Kenji Watanabe, PhD
Chief Researcher, NIMS Environment and Energy Materials Division
Watanabe.Kenji.AML@nims.go.jp
+81-29-860-4309
Kazuhito Tsukagoshi, PhD
MANA Principal Investigator
Tsukagoshi.Kazuhito@nims.go.jp
+81-29-860-4894
Toshihide Nabatame, PhD
Manager, MANA Foundry
Nabatame.Toshihide@nims.go.jp
+81-29-860-4915
Takahiro Nagata, PhD
MANA Scientist
Nagata.Takahiro@nims.go.jp
+81-29-860-4546
Kumaragurubaran Somu, PhD
MANA Researcher
Somu.Kumaragurubaran@nims.go.jp

OVERVIEW
The Materials Nanoarchitectonics (MANA) Center at the National Institute for Materials Science
(NIMS) in Tsukuba, Japan, clearly represented the highlight of the trip insofar as the vision and
results of that program parallel very closely the research themes embodied in NMSD.
MANA is one of five (there are now nine) centers established in 2007 under Japan’s “World Premier
International Research Center Initiative” Program (WPI). WPI was intended to create a high
scientific standard and vibrant research environment in Japan to garner a first-rate reputation and to
attract frontline researchers from the global scientific community to come to work at these centers.
The MANA WPI center has 209 workers altogether, with a strong international element (108
employees are non-Japanese).
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FUNCTIONAL FOCUS
The functional focus of MANA is the construction of complex structures out of fundamental
nanoscale building blocks with the intention of new or improved device functionality in its four
research themes of nanomaterials, nanosystems, nano-power, and nano-life. These, again, mirror
closely the themes embodied in NMSD.
RESEARCH & DEVELOPMENT ACTIVITIES
With over 200 scientists working on nanoscale materials science, MANA’s research and
development activity covers a broad range of areas. The MANA Progress Report for 2014 (NIMSMANA 2015) lists over fifty different research groups in the four focus areas, each with a principal
investigator and often impressive publications. Among the research groups that did not make
presentations to the WTEC team, research titles include Supramolecular Materials, Inorganic
Nanostructured Materials, Nanogenerators as a New Energy Technology, Atomic Electronics for
Future Computing, Nanoarchitectonics of Hybrid Artificial Photosynthetic System, Smart Nanobiomaterials and Quantum Devices in Nanomaterials; these name about ten percent of the areas
discussed in the 2014 Progress Report.
Dr. Takahiro Fujita, Administrative Director of MANA, welcomed the WTEC study team to MANA
and gave the team an overview of NIMS and MANA, and Mike Stopa of MIT introduced the team’s
hosts to the NSF NMSD project and the purpose of the team’s visit. Presentations by MANA
researchers to the WTEC visiting group followed and are briefly summarized below.
Minoru Osada, MANA Associate Principal Investigator
Nanosheets for Capacitors
Dr. Osada described work on nanosheets for capacitors (see Figure B.6). Oxide exfoliation is done
using chemical processes, essentially to take the bulk atomic structure of oxide single crystals to
provide a method for chemically dissolving the oxide layers, and using the Langmuir-Blodgett
process for producing the 2D sheets. (For details see Osada and Sasaki 2015).

Figure B.6. (a) Structure of typical oxide nanosheets; (b) images of colloid suspensions of oxide nanosheets
from the MANA library of oxide nanosheets.
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This was an impressive presentation on a well-tested method for taking bulk oxides and chemically
producing and separating highly pure 2D material. Extensive details are written up in the MANA
Progress Report from 2014 (NIMS-MANA 2015).
Kenji Watanabe, NIMS Optoelectronic Materials Group, Optical and Electronic Materials
Unit
h-BN Single Crystal and UV LED
Dr. Watanabe discussed his LED study, which aims to develop substitutional UV light sources to
mercury lamps.
Kazuhito Tsukagoshi, MANA Principal Investigator
Transition Metal Dichalcogenides Used for FETs
Dr. Tsukagoshi described the work on graphene and oxide transistors in the nanosystems field of the
pi-electron electronics group. The group’s recent work has been on transition metal dichalcogenides
used for field effect transistors (FETs). His main interest is the integration of new materials into
traditional CMOS (complementary metal oxide semiconductor) circuits.
Among the challenges is control of the polarity of the 2D material as p- or n-type needed for flexible
logic design. The difficulty in the design occurs because the interface between the transition metal
dichalcogenides (the 2D material) and the rest of the CMOS architecture often exhibits barriers to
transport known as “Schottky barriers.” One solution recently explored by Dr. Tsukagoshi is the
fabrication of electric double-layer gates with ionic liquids. These gates can produce a sufficiently
strong electric field (due to their large capacitance) to effectively reduce the Schottky barrier for
induction of carriers of either polarity.
Dr. Tsukagoshi also participated in the NMSD Workshop at Tokyo Institute of Technology.
Toshihide Nabatame, MANA Foundry
ALD for 2D Devices
Dr. Nabatame is the director of the MANA Foundry, which combines atomic layer deposition growth
(ALD), focused ion beam (FIB), and characterization such as transmission electron microscopy (TEM)
in the nanofabrication process. The fabrication facilities consist of 30 items of processing equipment
in a 235 m2 cleanroom, specializing in ALD. The facility is first rate by any international standards.
The direction of the research is largely toward nanoelectronics and the ever-more sophisticated
structures used in CMOS architectures. Specifically, the development of high-k dielectrics like
hafnium compounds for insulating regions in CMOS is an important area of research. Figure B.7
shows examples of MANA Foundry work.
Takahiro Nagata, MANA Scientist
Combinatorial Screening for Gate Stack
Dr. Nagata is a member of the Semiconductor Device Materials Group that studies, in addition to
carbon-based materials, semiconductor nanowires and other nanomaterials. One other research
theme of the group is nanoelectromechanics of, for example, free-standing nanorods, as characterized
by in situ scanning electron microscopy (SEM). Recently, Dr. Nagata has been working on silicon
carbide (SiC) to develop transistors and Schottky diodes that can operate at temperatures in excess
of 500 oC.
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Figure B.7. Examples of nanowire transistors, silicon dry etching structures, nanorod and dome
nanostructure (silicon) arrays, and ion bean fabricated cantilevers from the MANA Foundry
webpage, http://www.nims.go.jp/nfs/2dnano/index_en.html. Left to right from top: 1. Multimaterial electrode patterning with minimum gap width of 30 nm; 2. Precise electrode patterning
on nanowires; 3. Inverted pyramids by anisotropic etching on silicon single crystal; 4. Lift-off
process using bilayer-resist method; 5. Line-and-space patterning by electron beam (EB)
drawing process; 6. Periodic cube structures by etching process; 7. Nano-rod crystal grown on
nanostructural surface; 8. Periodic dome-shaped silicon structures by FIB; 9. FIB Microsampling; 10. Cantilever fabrication by FIB; 11. 200 nm-thick disk fabrication by FIB; 12. 200
nm-thick “nano-scale plant pot” by FIB.

Kumaragurubaran Somu, Semiconductor Device Materials Group
Higher-Temperature Dielectric Materials
Dr. Somu of the Semiconductor Device Materials Group gave a brief presentation on materials design
of high-temperature sensors that can operate up to 300 °C for car electronics. Sensors and actuators
based on MEMS have long been used for automotive applications – most notably for accelerometers.
A variety of other applications necessarily must be resistant to heat, for instance in the area of sensing
the wear in braking equipment. The research of Dr. Somu focuses on resistance switching in nanogap
electrodes, typically fabricated from platinum and gold.
TRANSLATION
MANA engages in a full range of research, from basic to applied, with the goal of developing new
materials that support sustainable development, specifically to enable realization of innovative
technologies in areas such as the environment, energy, natural resources, foodstuffs, infrastructure,
information, communications, and disease diagnosis and treatment.
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SOURCES OF SUPPORT
MANA is one of five original centers established in 2007 by MEXT, Japan’s Ministry of Education,
Culture, Sports, Science and Technology, under its “World Premier International Research Center
Initiative” Program (WPI) with an operating budget of ~$200 million per year.
ASSESSMENT
MANA pursues four categories of research: nano-power, nano-materials, nano-life, and nanosystems. The center’s high numbers of international workers exemplifies its commitment to
internationalize Japanese research as well as to establish a collaborative approach in its training of
young researchers. MANA’s administrative director Dr. Fujita has been strongly influenced by Dr.
Mihail Roco, and he named the MANA newsletter “Convergence,” borrowing from Roco’s concept
related to interdisciplinary science. The strength of the MANA program is indicated by its having 80
publications in the top 1% of all papers published, by number of citations. Also, the average impact
factor (in 2012) of the journals in which MANA publications appeared was 5.24.2
The MANA project has an international reputation for excellence. Distinct from much research in
Japan that follows established lines of inquiry, MANA prides itself on out-of-the-box thinking and
innovation. The research presentations to the WTEC team were principally occupied with
nanoelectronics (CMOS, power, fuel cells, etc.), but the MANA center also has a large wing
dedicated to biomaterials (“nano-life”) dealing with bionanoparticles, biointerfacing, and biosensors.
The diversity and strength of the institution can be gauged from the internal publication: Research
at MANA, Twenty Selected Research Results 2007–2013. The topics covered range from single
molecule transistors to curing Alzheimer’s disease in mice to ultrahigh-density data storage with C60
molecules. While some of these works employ traditional fabrication technology rather than
nanomodular fabrication, many are working toward synthesis of composite, nanomodular devices.
SELECTED REFERENCES
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2013, Thickness-dependent interfacial coulomb scattering in atomically thin field-effect transistors. Nano Lett.
13(8):3546–3552. DOI: 10.1021/nl4010783.
Lin, Y.F., Y. Xu, S.T. Wang, S.I. Li, M. Yamamoto, A. Aparecido-Ferreira, W. Li, H. Sun, S. Nakaharai, W.B. Jian,
K. Ueno, and K. Tsukagoshi. 2014, Ambipolar MoTe2 transistors and their applications in logic circuits. Adv. Mater.
26:3263–3269. DOI: 10.1002/adma.201305845.
Miyazaki, H., S. Odaka, T. Sato, S. Tanaka, H. Goto, A. Kanda, K. Tsukagoshi, Y. Ootuka, and Y. Aoyagi. 2008. Interlayer screening length to electric field in thin graphite film. Appl. Phys. Express 1(3):4007. DOI:
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NIMS-MANA. 2015. MANA progress report: Research digest 2014. Tsukuba, Japan: NIMS-MANA. Available online:
http://www.nims.go.jp/mana/pror/periodical/n28red0000003ohn-att/Research_Digest_2014.pdf.
Osada, M., and T. Sasaki. 2015. Nanosheet architectonics: A hierarchically structured assembly for tailored fusion
materials. Polymer Journal 47:89. DOI: 10.1038/pj.2014.111.
Yamamoto, M., S.T. Wang, M. Ni, Y.F. Lin, S.L. Li, S. Aikawa, W.B. Jian, K. Ueno, K. Wakabayashi, and
K. Tsukagoshi. 2014. Strong enhancement of Raman scattering from a bulk-inactive vibrational mode in few-layer
MoTe2, ACS Nano 8(4):3895–3903. DOI: 10.1021/nn5007607.

2

A journal’s impact factor is the average number of citations to articles in that journal over a two-year period. For
comparison, Physical Review Letters has an impact factor of 7.5 and Physical Review B has an impact factor of 3.7.
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National University of Singapore and Nanyang Technological University (Workshop)
Site Address:

Centre for Advanced 2D Materials and Graphene Research Centre
National University of Singapore
Block S14, Level 6
6 Science Drive 2
Singapore 117546

Date Visited:

March 20, 2015

WTEC Attendees:

Don Brenner (report author), Pulickel Ajayan, Kaustav Banerjee,
Ahmed Busnaina, Dimitri Pavlidis (NSF)

Hosts:

Prof. Antonio H. Castro Neto
Director, Centre for Advanced 2D Materials
National University of Singapore (NUS)
phycastr@nus.edu.sg
+65 6601 2575
http://graphene.nus.edu.sg
Prof. Hua Zhang
School of Materials Science & Engineering
Nanyang Technological University (NTU)
hzhang@ntu.edu.sg
+65 6790 5175
http://www.ntu.edu.sg/home/hzhang/
Liu Zheng, PhD
Assistant Professor
School of Materials Science & Engineering
Nanyang Technological University
+65 6513 7352
http://www.ntu.edu.sg/home/z.liu

Other Attendees:

Tricia Chong
MIPCT, U.S. Patent Agent
Office of Industry and Innovation (NUS)
+65 6777 6126
http://nus.edu.sg/enterprise

OVERVIEW
The research performed at the Graphene Research Centre (GRC) and Centre for Advanced 2D
Materials (CA2DM) at the National University of Singapore (NUS), together with the research at the
Nanyang Technical University (NTU), have made Singapore one of the best supported and most
highly recognized leaders worldwide in fundamental research involving two-dimensional materials.
According to a talk given by CA2DM Director Prof. Castro Neto, the NUS centers are intended to
bridge academia and industry, and science and engineering faculty. Statistics presented by Prof. Neto
supported the leadership of NUS in graphene research in terms of both government funding and
research productivity. Singapore is number seven worldwide in publications and number 13 in
patents, despite its small size.
The visit of the WTEC panel to NUS included a morning workshop with representatives from both
NUS and NTU, discussions over lunch, and visits to the CA2DM facilities in the afternoon. The
workshop included an overview of the mission of the WTEC study given by Prof. Pavlidis, an
introduction to the team given by Prof. Ajayan, and brief overviews by each of the WTEC panel
experts of their related research in the United States. This was followed by an overview given by
Prof. Neto of the history, mission, support, facilities, and research results from the NUS Graphene
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Research Centre and the Centre for Advanced 2D Materials. The workshop concluded with
presentations from Prof. Zhang and Prof. Zheng from NTU regarding research results from Nanyang
Technical University on a wide range of two-dimensional structures and nanocrystals. Following
lunch, the WTEC group toured the CA2DM laboratories, including its cleanroom and
characterization facilities.
FUNCTIONAL FOCUS
The NUS CA2DM centers currently involve 50 researchers who are a mix of scientists and engineers.
They have a major focus on synthesis of high-quality materials done in a 800 m2 cleanroom that
enables careful characterization and device prototyping. The NUS centers focus mainly on
fundamental research and intellectual property (IP), with a device focus through industrial partners.
There have been three spin-off companies that taken advantage of advances in materials synthesis
from the centers. Based on the presentations, research at NTU also focuses largely on basic research,
although results were also presented from Prof. Chen Zhong’s work at NTU that focuses on carbon
nanotube devices (Dr. Zhong was not present at this workshop).
RESEARCH & DEVELOPMENT ACTIVITIES
In his talk, Prof. Castro Neto emphasized that what the WTEC team saw was “the tip of the iceberg”
compared to all of the activities at the NUS CA2DM centers. Efforts to combine heterogeneous twodimensional materials into functional van der Waal heterostructures were described, as was
compelling work on two-dimensional black phosphorous. For the latter, the CA2DM researchers
have shown that the band gap can be tuned from 0.2 (single layer) to 2 eV (bulk) depending on the
number of layers, and that the structure can be made resistant to oxidation by graphene encapsulation.
Work presented by Prof. Zhang from NTU focused on his group’s efforts to synthesize novel nanocrystals by taking advantage of synthesis on graphene. The crystals included hcp gold with a square
morphology, nanosized gold clusters stabilized by self-assembled thiol monolayers, and CuSe and
CuS nanoplates. Stability of these clusters in solution was also demonstrated. Results using twodimensional templates to create chiral nanofibers, as well as block phosphorous quantum dots, were
also presented. Prof. Zheng then described research that emphasized the wide variety of classes of
two-dimensional materials being explored at the NTU. These include graphene plus 17 binary
compositions of nitrides, sulphides, and selenides. Prof. Zheng also briefly discussed work from Prof.
Zhong’s laboratory at NTU on carbon-nanotube-based devices.
TRANSLATION
The NUS CA2DM centers are taking full advantage of technology transfer to industry, including
offers for device prototyping in their cleanroom. It was emphasized that Singapore takes IP very
seriously, and at the same time, is flexible with sharing IP with industry. Although the CA2DM
centers have had three start-up companies, including one that has received considerable capital from
Canada, their emphasis is on technology transfer rather that creating local companies.
SOURCES OF SUPPORT
The NUS CA2DM centers are very well supported by the university, the Singapore National
Research Foundation (NRF), and by other external funding. These include recent investments of
US$50 million from the NRF. Personnel also include 8 NRF fellows who are well supported in startup funds and who are exempt from teaching for three years. Given Singapore’s proximity to China,
Dr. Castro suggested that support in Singapore will follow the growth in total R&D investment in
China.
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ASSESSMENT
The research and development efforts involving graphene and two-dimensional materials are
extremely well supported in Singapore, especially at the research centers at NUS. Much of their
success has come from an emphasis on careful synthesis of two-dimensional materials (almost 40%
of their effort focuses on fabrication), which has allowed careful studies to be done on these
structures. The work at the NUS has also benefitted by the close collaboration of scientists and
engineers within the centers. The ability to hire a broad range of researchers is a result of the large
block support provided to the centers.
Statistics were presented that support Singapore’s place in the world among major research centers
in two-dimensional materials. The investment in Singapore in graphene research is the third highest
in the world (although China’s investment is unknown), behind the United Kingdom and South
Korea, and is larger than that in the United States by 25% ($250 million versus $200 million). In
addition, when normalized by population, the scientific output of Singapore in graphene research in
terms of high-quality scientific papers far outpaces that of any other country.
SELECTED REFERENCES
National University of Singapore Centre for Advanced 2D Materials
Balakrishnan, J., G.K.W. Koon, M. Jaiswal, A.H. Castro Neto, and B. Özyilmaz. 2013. Colossal enhancement of spinorbit coupling in weakly hydrogenated graphene. Nature Physics 9(5):284–287.
Chhowalla, M., H.S. Shin, G. Eda, LJ. Li, K.P. Loh, and H. Zhang. 2013. The chemistry of two-dimensional layered
transition metal dichalcogenide nanosheets. Nature Chemistry 5(4):263–275.
Gao, L., G-X. Ni, Y.P. Liu, B. Liu, A.H. Castro Neto, and K.P. Loh. 2014. Face-to-face transfer of wafer-scale graphene
films. Natur. 505(7482):190–194.
Tan, S.F., L. Wu, J.K. W. Yang, P. Bai, M. Bosman, and C.A. Nijhuis. 2014. Quantum plasmon resonances controlled by
molecular tunnel junctions. Science 343(6178):1496–1499.
Yu, D.S., Q.H Qian, L.Wei, W.C. Jiang, K.L. Goh, J. Wei, J. Zhang and Y. Chen. 2015. Emergence of fiber
supercapacitors. Chem. Soc. Rev. 44:647–662. DOI: 10.1039/c4cs00286e.

Nanyang Technological University
Goh, K.L, L. Setiawan, L. Wei, R.M. Si, A.G. Fane, R. Wang, Y. Chen. 2015. Graphene oxide as effective selective
barriers on a hollow fiber membrane for water treatment process. J. Membr. Sci, 474: 244–253.
DOI: 10.1016/j.memsci.2014.09.057.
Liu, S.B., M. Hu, T.Y. Helen Zeng, R. Wu, R.R. Jiang, J. Wei, L. Wang, J. Kong, and Y. Chen. 2012. Lateral dimensiondependent antibacterial activity of graphene oxide sheets. Langmuir 28(33):12364–12372. DOI: 10.1021/la3023908.
Liu, S.B.,T.Y. Helen Zeng, M. Hofmann, E. Burcombe, J. Wei, R.R. Jiang, J. Kong, and Y. Chen. 2011. Antibacterial
activity of graphite, graphite oxide, graphene oxide, and reduced graphene oxide: membrane and oxidative stress.
ACS Nano 5(9):6971–6980. DOI: 10.1021/nn202451x.
Yu, D,S, K.L. Goh, H. Wang, L. Wei, W.C. Jiang, Q. Zhang, L.M. Dai and Y. Chen. 2014. Scalable synthesis of
hierarchically structured carbon nanotube–graphene fibres for capacitive energy storage. Nature Nanotechnology
9:555–562. DOI: 10.1038/nnano.2014.93.
Yu, D.S., K.L. Goh, Q. Zhang, L. Wei, H. Wang, W.C. Jiang, and Y. Chen.2014. Controlled functionalization of
carbonaceous fibers for asymmetric solid-state micro-supercapacitors with high volumetric energy density. Adv.
Mater. 26(39):6790–6797. DOI: 10.1002/adma.201403061.

International Assessment of Research in Nanomodular Materials and Systems by Design

131

RIKEN Center for Emergent Matter Science
Site Address:

2-1 Hirosawa
Wako
Saitama 351-0198, Japan
http://www.riken.jp/en/
http://www.riken.jp/en/research/labs/cems/

Date Visited:

March 26, 2015

WTEC Attendees:

Michael Stopa (report author)

Hosts:

Dr. Seigo Tarucha
Director, Quantum Information Electronics Division
and Quantum Functional System Research Group
http://www.riken.jp/en/research/labs/cems/qtm_inf_electron/
http://qfsrg.riken.jp/index.html
tarucha@riken.jp
Dr. Koji Ishibashi
Team Leader, Quantum Effects Device Research Team
and Advanced Device Laboratory,
Quantum Information Electronics Division
http://www.asi.riken.jp/en/laboratories/chieflabs/device/
kishiba@riken.jp

Other Attendees:

Tomohiro Otsuka
Postdoc., Quantum Functional System Research Group
Takashi Nakajima
Postdoc., Quantum Functional System Research Group
Matthieu Delbecq
Postdoc., Quantum Functional System Research Group

OVERVIEW
Founded in Tokyo in 1917 as a private research foundation, RIKEN has grown rapidly in size and
scope, Today, RIKEN encompasses a network of world-class research centers and institutes across
Japan, with main campuses in Wako, Tsukuba, Yokohama, Kobe, and Harima. Dr. Stopa of WTEC
visited RIKEN’s Wako campus outside Tokyo. The principal laboratories that he visited were the
Quantum Information Electronics Division and the Quantum Functional System Group, both directed
by Dr. Seigo Tarucha, and the Advanced Device Laboratory headed by Dr. Koji Ishibashi. Both are
part of RIKEN’s Center for Emergent Matter Science.
FUNCTIONAL FOCUS
Dr. Stopa‘s visit to RIKEN was confined to the groups of Dr. Tarucha and Dr. Ishibashi. Both
researchers are engaged in transport and characterization studies of carbon materials such as
nanotubes and graphene. The principal emphasis of their laboratories is electronics beyond CMOS,
which is a major theme of considerable research throughout the world’s electronics community.
Nevertheless, the work at RIKEN is not predominantly related to assembly of nanomaterials into
more complex structures, and so it is somewhat peripheral to the NSF/WTEC NMSD study.
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RESEARCH & DEVELOPMENT ACTIVITIES
While some work in RIKEN’s Quantum Information Electronics, Quantum Functional Systems, and
Quantum Effects groups employs carbon nanotubes and graphene, the focus of their research is study
of single-electron behavior—both the quantum mechanical and single-charge aspects. Thus,
complex, nanomodular studies are less relevant for these groups. However, RIKEN researchers from
the Advanced Device Laboratory do note that in addition to developing discrete quantum devices,
developing techniques to integrate those devices is also an important research target
(http://www.asi.riken.jp/en/laboratories/chieflabs/device/).
Quantum devices depend on the wave nature of the electron for their functionality. As miniaturization
proceeds into the so-called “32 nm” regime, quantum effects become increasingly important as
sources of processing error. However aside from the deleterious effects of quantum mechanics,
researchers envision new devices and new functionality arising from the quantum world. The most
ambitious of these prospects is that of quantum computing, where the uncertain nature of the quantum
state can be, according to theory, employed to perform calculations that are exponentially faster than
any of those performed with classical computers. This promise is one of the primary driving forces
in the research of the Quantum Information Electronics, Quantum Functional Systems, and Quantum
Effects groups.
Within this field, Dr. Seigo Tarucha is among the top three or four researchers in the world. He
invented a vertical quantum dot, which ushered in the age of single-electron manipulation and is to
date the most sensitive system for exploring the wave function of a single electron. Current work in
this field—all of which is carried out at liquid helium temperatures—includes the fabrication of one
or several “qubits” from an electron (or possibly a pair of electrons) and performing quantum
computation algorithms with them.
A particular challenge in quantum electronics is the precise control of a single electron spin. This is
typically achieved by external magnetic fields, but it is complicated by the presence of spin-carrying
nuclei in the host material (typically gallium arsenide), which can cause the electron spin to decohere.
Recent work by the Tarucha group on fast electromagnetic pulses to control single spins without
decoherence will significantly facilitate tomography and error correction with electron spins in
quantum dots (Oneda 2014).
TRANSLATION
The research at RIKEN in nanoelectronics has existed for many years in tandem with similar research
thrusts at NTT (Nippon Telephone and Telegraph), which is one of the major research corporations
in Japan. Although it was not made clear whether RIKEN’s quantum groups specifically reach out
to the industry and business communities, broadly speaking, RIKEN does aim to solve real-world
problems and to return scientific achievements to society. To this end, RIKEN provides researchers
at research institutions and businesses in Japan and worldwide with access to shared-use resources
and promotes technology transfer through partnerships, patents, licensing, and a venture system
(http://www.riken.jp/en/outreach/).
Research in the Quantum Information Electronics, Quantum Functional Systems, and Quantum
Effects groups at Riken is strongly correlated with research at many other top groups, including the
groups of Dr. Amir Yacoby at Harvard University, Dr. Leo Kouwenhoven at Delft Institute of
Technology and Dr. David Goldhaber-Gordon at Stanford University.
Note that the Superconducting Quantum Electronics Research Team at Riken is another, similarly
directed program, headed by Yasunobu Nakamura. This research seeks to achieve, by slightly
different means and materials, the same objectives as the Quantum Information Electronics group,
that is, new and powerful functionality of electronic devices by employing the wave function of the
system.
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SOURCES OF SUPPORT
Although RIKEN is an independent administrative institution, the largest proportion of its income
comes from grants and subsidies from the Government of Japan that fund its general operations and
facility construction and maintenance. RIKEN also generates income through competitive grants,
industry collaborations, and royalties (http://www.riken.jp/en/about/facts/).
ASSESSMENT
RIKEN is Japan's largest comprehensive research institution, renowned for high-quality research in
a diverse range of scientific disciplines. However, its principal research and development themes
relate more to fundamental physics and chemistry than to devices and functionalities. RIKEN also
has activities in the life sciences, although the WTEC team did not investigate these on this trip.
SELECTED REFERENCES
Amaha, S., T. Hatano, S. Tarucha, J.A. Gupta and D.G. Austing, 2015. Vanishing current hysteresis under competing
nuclear spin pumping processes in a quadruplet spin-blockaded double quantum dot. Appl. Phys. Lett. 106:172401.
DOI: 10.1063/1.4919101.
Hida, A., and K. Ishibashi. 2015. Molecule-induced quantum confinement in single-walled carbon nanotube. Appl. Phys.
Exp. 8(4):045101. DOI: 10.7567/APEX.8.045101.
Oneda, J., T. Otsuka, T. Nakajima, T. Takakura, T. Obata, M. Pioro-Ladrière, H. Lu, C.J. Palmstrøm, A.C. Gossard, and
S. Tarucha. 2014. Fast electrical control of single electron spins in quantum dots with vanishing influence from
nuclear spins. Phys. Rev. Lett. 113:267601. DOI: 10.1103/PhysRevLett.113.267601.

134

Appendix B. Meeting and Site Visit Reports for Asia

Shanghai Institute of Microsystem and Information Technology (SIMIT), Chinese
Academy of Sciences
Site Address:

865 Chang Ning Road
Shanghai, 200050, China
http://english.sim.cas.cn/

Date Visited:

March 24, 2015

WTEC Attendees:

Don Brenner (report author), Pulickel Ajayan, Kaustav Banerjee,
Ahmed Busnaina, Dimitri Pavlidis (NSF)

Hosts from the SIMIT
State Key Laboratory
of Functional Materials
for Informatics:

Prof. Xiaoming Xie
Head, Shanghai Center for SuperConductivity, SIMIT
Vice Director, State Key Laboratory of Functional Materials for Informatics
xmxie@mail.sim.ac.cn
+86 21 62511070
Prof. Xiaosong Lin
Xlin3@mail.sim.ac.cn
Prof. Yimin Li
yml@mail.sim.ac.cn
Prof. Xinhong Cheng
Ch-cheng@mail.sim.ac.cn
Prof. Haomin Wang
hmwang@mail.sim.ac.cn
Prof. Guqiao Ding
gqding@mail.sim.ac.cn
Prof. Li Zheng
zhengli@mail.sim.ac.cn
Dr. Tianru Wu
trwu@mail.som.ca.cn

Other Attendees:

Ai-Guo Yang
Microelectronics Department, Fudan University
10110720054@fudan.edu.co
Li Ao Cao
Microelectronics Department, Fudan University
13212020001@fudan.edu.co

OVERVIEW
SIMIT was established in 1928 and originally focused on metallurgy and ceramic research. It then
concentrated on semiconducting materials and devices from the 1960s through the 1990s before
changing to its current focus of information and communication technology. SIMIT is currently made
up of eight laboratories or engineering centers with over 650 scientific and technical staff and almost
400 master’s and PhD students. It has established cooperation and exchange arrangements with
numerous national and international universities, research institutions, and enterprises.
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FUNCTIONAL FOCUS
Graphene research at SIMIT is headed by Dr. Xiaoming Xie, and the activities are mainly included
under the Shanghai Center for Superconductivity (“SC2”) and the State Key Laboratory of Functional
Materials for Informatics. SC2 currently has 72 research staff, 15 professors, 13 assistant professors,
plus students and postdocs; over 35 of its researchers work on graphene. SIMIT researchers focus on
three areas: materials and physics, devices, and applications. Its relevant research activities include
CVD single-crystal graphene growth on boron nitride, synthesis of single-crystalline graphene wafer
on metal or alloy, methods for liquid-phase exfoliation of graphene, and large-scale productions of
graphene quantum clusters.
RESEARCH & DEVELOPMENT ACTIVITIES
The WTEC study team’s SIMIT tour included brief presentations of several research areas and
results. These include the development and application of SQUID technologies for medical and
mining applications, synchrotron studies aimed at energy research that includes characterization of
electronic states, storage and phase transformation with temporal resolution, and solution-based
exfoliation methods that create water-soluble graphene and graphene nanocrystals. The SIMIT
exfoliation process involves oxidation of graphite edges in water followed by a bubbling process that
separates the graphene sheets; this appears to be an efficient process for creating large quantities of
graphene. It was reported that kilogram amounts of graphene nanocrystals can be produced daily.
Based on chemical exfoliation, the researchers also have developed efficient ways to produce highquality graphene quantum dots. They have worked extensively on CVD growth of graphene using
metal or alloy catalytic substrates and have demonstrated the fabrication of 8-inch polycrystalline
graphene wafers and inch-sized single-crystalline graphene.
TRANSLATION
All of the SIMIT research groups were reported to be open to working with industry toward product
development. The SIMIT graphene nanoclusters were being marketed for industrial and research
applications. SIMIT is a member of the China Innovation Alliance of the Graphene Industry, a notfor-profit organization established with support from the Chinese government that is a consortium of
industrial, academic, and research organizations devoted to research and development of graphene
and graphene-based products.
SOURCES OF SUPPORT
SIMIT is supported by national, provincial, and city governments. Services and products (e.g., the
graphene nanoclusters) may also be a source of support, although details were not discussed.
ASSESSMENT
SIMIT is a research-heavy organization that is supported by different levels of the Chinese
government. It heavily leverages researchers with prior overseas research experience. SIMIT’s
activities cover large research areas in science and technology, including not only nanosystems and
two-dimensional materials, but other areas of nanoscience and nanotechnology.
SELECTED REFERENCES
China Innovation Alliance of the Graphene Industry (CGIA) website: http://www.graphene-alliance.com. Accessed 16
April 2015.
Ding, X., G. Ding, X. Xie, F. Huang, and M. Jiang. 2011. Direct growth of few layer graphene on hexagonal boron
nitride by chemical vapor deposition. Carbon 49:2522–2525. DOI: 10.1016/j.carbon.2011.02.022.
Jiang, D., T. Hu, L.X. You, Q. Li, A. Li, H.M. Wang, G. Mu, Z.Y. Chen, H.R. Zhang, G.H. Yu, J. Zhu, Q.J. Sun,
C.T. Lin, H. Xiao, X.M. Xie, and M.H. Jiang. 2014. High-Tc superconductivity in ultrathin Bi2Sr2CaCu2O8+x down
to half-unit-cell thickness by protection with graphene. Nature Comm. 5:5708. DOI: 10.1038/ncomms6708.
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Lu, G.Y., T.R. Wu, Q.H. Yuan, H.S. Wang, H.M. Wang, F. Ding, X.M. Xie, and M.H. Jiang. 2015. Synthesis of large
single-crystal hexagonal boron nitride grains on Cu–Ni alloy. Nature Comm. 6:6160. DOI: 10.1038/ncomms7160.
Tang, S.J., G.Q. Ding, X.M. Xie, J. Chen, C. Wang, X.L. Ding, F.Q. Huang, W. Lu, and M.H. Jiang. 2012. Nucleation
and growth of single crystal graphene on hexagonal boron nitride. Carbon 50:329-331.
DOI: 10.1016/j.carbon.2011.07.062.
Tang, S.J., H.M. Wang, H.S. Wang, Q.J. Sun, X.Y. Zhang. C.X. Cong, H. Xie, X.Y. Liu, X.H. Zhou, F.Q. Huang,
X.S. Chen, T. Yu, F. Ding, X.M. Xie, and M.H. Jiang. 2015. Silane-catalysed fast growth of large single-crystalline
graphene on hexagonal boron nitride. Nature Comm. 6: 6499. DOI: 10.1038/ncomms7499.
Tang, S.J., H.M. Wang, Y. Zhang, A. Li, H. Xie, X.Y. Liu, L.Q. Liu, T.X. Li, F.Q. Huang, X.M. Xie, and M.H. Jiang.
2013. Precisely aligned graphene grown on hexagonal boron nitride by catalyst free chemical vapor deposition.
Scientific Reports 3:2666. DOI: 10.1038/srep02666.
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Suzhou Institute of Nano-Tech and Nano-Bionics (SINANO), Chinese Academy of Sciences
Site Address:

398 Ruoshui Road
SEID, Suzhou Industrial Park
Suzhou, 215123, China
http://english.sinano.cas.cn/
http://www.perc-sinano.com/en/index.asp

Date Visited:

March 24, 2015

WTEC Attendees:

Ahmed Busnaina (report author), Pulickel Ajayan, Kaustav Banerjee,
Donald Brenner, Patricia Foland (WTEC)

Hosts:

Prof. Zheng Cui
Director, Printable Electronics Research Center
+86 0(512) 626 03079
zcui2009@sinano.ac.cn
Prof. Jinping Zhang
+86 512 6287 260
Jpzhang2008@sinano.ac.cn

Other Attendee:

May Jin
Printable Electronics Research Center
+86 (0)512 62872695
Mmjin2009@sinano.ac.cn

OVERVIEW
The Suzhou Institute of Nano-Tech and Nano-Bionics (SINANO) was jointly founded in March 2006
by the Chinese Academy of Sciences (CAS), the government of Jiangsu Province, the government
of Suzhou City, and the Suzhou Industrial Park. The institute occupies over 60,000 square meters of
land and has 150,000 square meters of lab and office space. SINANO has a staff of 520, 23 percent
of whom have overseas working experience, and 50 percent of whom have PhD degrees. SINANO’s
research focuses on science and technology related to information, energy, life sciences, and the
environment through the work of seven independent research departments: Advanced Materials,
Nanodevices and Materials, Nanobiomedicine, System Integration and IC Design, Interdisciplinary
Research, International Laboratory for Adaptive Bio-nanotechnology, and the Printable Electronics
Research Center. SINANO also has an open micro/nanofabrication facility and a characterization
and testing facility that have been available to the public since 2009
(http://english.sinano.cas.cn/au/bi/).
SINANO also includes the Functional Nano-Material Group, which is devoted to the advancement
of new structure and physical chemistry of low-dimensional nanomaterials. The group works on
developing functional nanodevices and composites. Its current focus is on carbon nanotubes,
including growth mechanisms and techniques, assembly, modulation, dispersion, and separation.
WTEC panel members visited the Printable Electronics Research Center (PERC), hosted by PERC
Director Professor Zheng Cui. The WTEC visit, which was regrettably abbreviated due to time
constraints, was focused primarily on a tour of and introduction to the Suzhou NanoFabrication
Facility (SNFF), and discussions regarding SINANO’s exceptionally strong effort in printable
electronics; and a discussion of the China Innovation Alliance of the Graphene Industry.
FUNCTIONAL FOCUS
PERC has three main research groups, headed by Prof. Zheng Cui, Prof. Changqi Ma, and Prof.
Yonglin Xie. These three leaders came back to China after postgraduate study and professional work
experience in the UK, Germany, and the United States. PERC’s research directions are summarized
in Figure B.8.
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Figure B.8. Research directions of SINANO’s PERC (http://www.perc-sinano.com/en/kyfx.asp).

RESEARCH & DEVELOPMENT ACTIVITIES
The SINANO tour included its nanofab (SNFF), and a discussion of PERC’s efforts in printable
electronics. According to literature provided on the tour, the nanofab includes micro/nano-fabrication
from microns to nanometers, compatibility with different wafer sizes; a complete array of processing,
testing, and packaging; and open availability to research scientists and enterprises.
PERC has demonstrated capabilities in printable organic and inorganic materials and devices that
focus on photovoltaics, transistors, and light-emitting materials. The printing methods used included
inkjet, gravure, or screen printing to fabricate patterns with varied characteristics, and inks with
different physical properties for printing. Three types of thin-film transistors were being investigated
at the time of the WTEC team’s visit: thin-film transistors–based metal oxide ink, carbon nanotube
ink, and environmentally stable organic semiconductor ink.
TRANSLATION
PERC has a direct interest in commercialization of printed electronics. One example of successful
commercialization is in the area of touch display screens. The group successfully commercialized a
large-area (8 x 12 inches and larger) touch display based on imprinting a pattern onto a polymer
substrate and then filling the imprinted pattern with silver nanoparticles (down to 3 microns). The
new hybrid printing process for making metal mesh transparent conductive films used in touch panels
was invented by PERC researchers and implemented in large-scale manufacturing at Shenzhen Ofilm Tech Co., Ltd., which is the largest touch-panel producer in China and globally. Most existing
touch displays using conducting wires at that scale are deposited using vacuum processes.
SOURCES OF SUPPORT
Projects at the Printable Electronics Research Center are funded by the Chinese Academy of
Sciences, National Natural Science Foundation of China, Ministry of Science and Technology,
Jiangsu Province, Suzhou Science and Technology Bureau, Chinese Post-Doc Science Foundation,
and the Institute and Enterprise Joint Program.
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ASSESSMENT
SINANO is a research-heavy organization that is supported by different levels of the Chinese
government. It leverages many researchers with prior overseas research experience. Their activities
cover large research areas in science and technology, including not only nanosystems and twodimensional materials, but other areas of nanoscience and nanotechnology.
SELECTED REFERENCES
Xu, W.Y., J.W. Zhao, L. Qian, X.Y. Han, L.Z. Wu, W.C. Wu, M.S. Song, L. Zhou, W.M. Su, C. Wang, S.H. Nie, Z. Cui.
2014. Sorting of large-diameter semiconducting carbon nanotube and printed flexible driving circuit for organic
light emitting diode (OLED). Nanoscale 6(3):1589-1595. DOI: 10.1039/C3NR04870E.
Mao, L., Q. Chen, Y.W. Li, Y. Li, J.H. Cai, W.M. Su, S. Bai, Y.Z Jin, C.Q. Ma, Z. Cui, and L.W. Chen. 2014. Flexible
silver grid/PEDOT:PSS hybrid electrodes for large area inverted polymer solar cells. Nano Energy 10:259–267.
DOI: 10.1016/j.nanoen.2014.09.007.
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Tokyo Institute of Technology (Workshop)
Site Address:

2-12-1 Ookayama
Meguro-ku
Tokyo, 152-8550, Japan
http://www.titech.ac.jp/english/

Date Visited:
WTEC Attendees:

March 23, 2015
Michael Stopa (report author),
Kaustav Banerjee, Padma Gopalan, A. T. Charlie Johnson,

Host:

Dr. Shunri Oda
Professor, Tokyo Institute of Technology
Quantum Nanoelectronics Research Center
http://odalab.pe.titech.ac.jp/Eng/index.html
soda@pe.titech.ac.jp
+81-3-5734-3048

Speakers and Other
Attendees:

Atsushi Kurobe
Toshiba Corporation
Researcher Supervisor, CREST (JST)
Atsushi.Kurobe@toshiba.co.jp
Riichiro Saito
Professor, Tohoku University
rsaito@flex.phys.tohoku.ac.jp
Kousuke Nagashio
Associate Professor, University of Tokyo
nagashio@material.t.u-tokyo.ac.jp
Hiroshi Mizuta
Researcher, JAIST
mizuto@jaist.ac.jp
Kazuhito Tsukagoshi
Researcher, NIMS
Tsukagoshi.Kazuhito@nims.go.jp
Yuji Awano
Professor, Keio University
awano@elec.keio.ac.jp
Katsunori Wakabayashi
Researcher, NIMS
Wakabayashi.katsunori@nims.go.jp
Ken Uchida
Professor, Keio University
uchidak@elec.keio.ac.jp
Shuuichi Murakami
Tokyo Institute of Technology
murakami@stat.phys.titech.ac.jp

OVERVIEW
The U.S.–Japan 2D Materials (NMSD) Workshop was organized by Dr. Shunri Oda at Tokyo
Institute of Technology, with help from his colleagues, with the intent of bringing together
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researchers to a workshop on 2D materials from many institutions in and beyond Tokyo. The meeting
coincided with the week of the Japan Physical Society conference in Tokyo, making the attendance
of researchers from beyond the Tokyo area (who were travelling to the conference) possible. The
workshop therefore was not specifically a visit to Tokyo Institute of Technology, but rather it was a
broader assembly of researchers in Japan as a whole.
Workshop presentations consisted of two program descriptions and seven scientific presentations.
The programs were (1) the program of the Japan Science and Technology Agency (JST) Core
Research for Evolutionary Science and Technology (CREST) entitled 2D Functional Films, and (2)
the program of the Japan Society for the Promotion of Science (JSPS) entitled Science of Atomic
Layers. The research presentations were principally on nanoelectronic and electromechanical device
applications or fabrication of graphene and other 2D materials (single or at most bi-layer).
FUNCTIONAL FOCUS
Many of the presentations on research activities (discussed below) related to single and multilayer
graphene and other 2D materials.
PROGRAM PRESENTATIONS AND RESEARCH & DEVELOPMENT ACTIVITIES
The presentations at the workshop are summarized below. Several video interviews are posted at
http://wtec.us.
Atsushi Kurobe (Toshiba; http://www.jst.go.jp/kisoken/crest/en/research_area/ongoing/areah26-4.html)
Review of JST-CREST Programs, Development of Atomic or Molecular 2D Functional Films, and
Creation of Fundamental Technologies for their Applications
JST Programs: The Japan Science and Technology Agency has three “strategic basic research”
programs to meet the objectives of Japan’s Science and Technology Basic Plan: Core Research for
Evolutionary Science and Technology (S&T) (CREST); Precursory Research for Embryonic S&T
(PRESTO); and Exploratory Research for Advanced Technology (ERATO). JST has an additional
program known as the International Cooperative Research Project (ICORP) to promote Japan’s
participation in global exchange of research and researchers.
Examples: (1) The CREST Nanoelectronics project, 2013–2020, ~$23 million investment over 5.5
years; and (2) the Dependable VLSI project, 2007–2014, ~$25 million investment over 7 years.
Dr. Kurobe focused on research dollars flowing (or not) into real products. He examined the history
of research into condensed matter (semiconductor devices) in the 1990s and 2000s, citing the
quantum cascade laser, the high electron mobility transistor (HEMT), and the multiple quantum well
(MQW) semiconductor laser as examples of past technological successes emerging from basic
research. Nevertheless he noted that many areas of basic research (e.g., weak localization) have had
very little commercial output.
Dr. Kurobe discussed the JST-CREST call for applications for “2D Functional Films” in 2014 and
indicated that that a proposal from any academic discipline is welcome if it contains an idea with
some concrete application in future. Overall, the project seeks “task-oriented research rooted in the
sciences.” Three proposals were selected in FY2014, and there will be further selections in FY2015
and FY2016, each to be supported for five years. The 2014 selections were “Innovation of twodimensional multiferroic functional device utilizing the topological phase transition of the chalcogen
compounds and its superlattices”; “Functional materials creation under two-dimensional interfacing
fields”; and “Construction of ion and electron nano-channels in super-resistive lipid bilayers.” Dr.
Kurobe reviewed the anticipated applications and the research targets and objectives of these
projects.
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Riichiro Saito (Tohoku University; http://flex.phys.tohoku.ac.jp/)
Review of JSPS Project, Science of Atomic Layers
Dr. Saito introduced the grant from the Japan Society for the Promotion of Science (JSPS), which
operates under the auspices of Japan’s Ministry of Education, Culture, Sports, Science, and
Technology (MEXT), to the Tohoku University Theoretical Condensed Matter and Statistical
Physics Laboratory (Saito Lab) for the Science of Atomic Layers (SATL) program, which was
launched in July 2013. This program has its relatively modest funds very widely spread and
constitutes a league or network of researchers studying atomic layer systems. Program funding seems
to be at a low funding level for so many groups. A midterm SATL project status report is available
online at http://flex.phys.tohoku.ac.jp/satl/reports.html. Dr. Saito noted that 3% of all
Mat+Phys+Chem+Eng 2014 papers contain the key word “graphene.”
Kousuke Nagashio (University of Tokyo; http://webpark1753.sakura.ne.jp/nagashio_lab_E/)
Gap States Analysis for Bilayer Graphene & their Reduction by Multilayered Gate Stack Structure
Dr. Nagashio described his project on bilayer graphene field effect transistors, which appears to be
technical work on a practical transistor. It is funded from 2014–2018 by JST/PRESTO. The project
has a fabrication orientation: O2 pressure annealing of the top gate Y2O3 suppresses leakage through
the top gate. The density of states (DOS) and gap states density is estimated with quantum
capacitance measurement. Another focus of the project is on transport properties and bandgap
engineering, especially in graphene devices. The project aims to identify the origins of gap states and
to provide guidelines for how to reduce them, with the goal of achieving both high mobility and a
high on–off ratio for on-currents for next-generation electronics applications.
Hiroshi Mizuta (JAIST & University of Southampton, UK; http://www.jaist.ac.jp/ms/labs/mizuta-lab/)
Graphene Nanoelectronics and NEMS
Dr. Mizuta described his work at the Japan Advanced Institute of Science and Technology (JAIST)
on (1) a resonator/cantilever made from graphene for use as a nanoelectromechanical (NEMS) switch
(Figure B.9), and (2) use of helium ion beam lithography at the He ion beam facility in Southampton
to carve “5 nm-wide graphene beams.” His presentation indicated impressive work that is
technology-oriented with a fabrication emphasis, but that includes basic science as well.

Figure B.9. Microscopic photo of a graphene nanoelectromechanical switch: (a) Red dot lines indicate the
ends of the suspended graphene; (b) AFM image of dash box; (c) height profiles along green,
red, and blue lines; (d) longitudinal line scans along graphene showing buckling (Sun et al. 2014).
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Kazuhito Tsukagoshi (NIMS, WPI-MANA; http://www.nims.go.jp/pi-ele_g/index-e.html)
Current Injection into Atomically Thin Semiconducting Single Crystals
The π-electronics research group at the International Center for Materials Nanoarchitectonics
(MANA) at Japan’s National Institute for Materials Science (NIMS) in Tsukuba is one of Japan’s
six “World Premier International Research Centers” (WPI). Dr. Tsukagoshi presented a fairly
technical report on his group’s study of transport in 2D layers that addresses scattering and screening
issues and is aimed at power-saving and economy-of-material applications for nanoscale electronics
in both the immediate future and for the longer term (10–15 years). Intrinsic graphene is a semimetal
with a Dirac cone density of states. For various semiconducting, bipolar devices it is useful to have
a material with a bandgap. Dr. Tsukagoshi’s group studied one way to open a bandgap, which is by
making a nanoribbon. Other transport properties studied include Coulomb impurity scattering, which
is typically the limiting factor for carrier mobility and contact resistance, which can be appreciable
due to the presence of Schottky barriers under some circumstances. The MANA work appears to be
making strides toward practical graphene electronics.
Yuji Awano (Keio University; http://www.awano.elec.keio.ac.jp/)
Graphene-Based Interconnections
The Awano lab at Keio University is working on high-mobility interconnects in electronics with
multilayered graphene, aiming for low-power and green nanoelectronics to meet mass-production
market demands. It has been investigating titanium contact properties with multilayer graphene
(Figure B.10), comparing resistivity of end contacts to top contacts, and it has demonstrated growth
on a substrate of vertical and longitudinal multilayer graphene using a new annealing method— heatbeam-assisted chemical vapor deposition—for making interconnects of graphene and carbon
nanotubes. Broadly, the group’s interests are in fabrication techniques for emerging research devices
with low power consumption and reduced heat for future information technology, energy, and
flexible electronics applications, using both experiments and advanced simulation techniques.

Figure B.10. Schematics of (a) end contact and top contact (b) with side-edge conduction and (c) without
side-edge conduction, and their top-view images in fabricated test circuits; (d) cross-sectional
TEM image of a representative end-contact device (Ito et al. 2015).
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In addition to the above presentations, there were briefer presentations from the following
researchers:

•
•

•

Hitoshi Wakabayashi (Tokyo Institute of Technology)
Low carrier density MoS2 film by using sputtering process
Ken Uchida (Keio University)
Large variability contact resistance in Au/Cr/MoS2 system and its suppression by Cr thinning
Both of these speakers presented very technical work on contact resistance from Schottky barrier
to ohmic contacts related to chromium warping at surfaces.
Shuuichi Murakami (Tokyo Institute of Technology)
Two-dimensional topological materials and Dirac cones.
This presentation discussed phase change memory devices in topological insulators using an
STM tip used to exfoliate a bismuth bilayer (pulling off one layer and simultaneously contacting
another); conductance around the edge was measured and quantization revealed.

TRANSLATION
The research presented at this workshop was principally related to electronics and therefore had
considerable interest to the electronics industry in Japan. The presentation of Dr. Kurobe, a
researcher at Toshiba Corporation, was particularly relevant. However several other corporations,
such as NTT and Fujitsu, also have active research in the area, although most of this research is in
the field of graphene and 2D systems rather than assembly of more complex structures.
SOURCES OF SUPPORT
The principal funding agencies in Japan for Science are the Ministry of Education, Culture, Sports,
Science, and Technology (MEXT); the Ministry of Trade, Economy, and Industry (METI); and the
Japan Science and Technology Agency (JST).
ASSESSMENT
The workshop at Tokyo Institute of Technology focused on research in 2D materials and prototype
device conception and fabrication in such materials. The workshop did not address research in
nanoassembly of nanoscale building blocks. Japan has a long history of ground-breaking research in
carbon-based materials such as carbon nanotubes, which were first fabricated by Sumio Iijima at
NEC in 1991. That eminence continues to this day with studies of graphene and, additionally, work
in other lower-dimensional systems such as the transition metal dichalcogenides. The JST and JSPS
programs discussed by Dr. Kurobe and Dr. Saito, respectively, illustrated the commitment to cuttingedge nanotechnology for practical applications.
Among the presentations on scientific (versus programmatic) issues, the work by Dr. Tsukagoshi on
power reduction in electronics was especially exciting. Dr. Tsukagoshi is already one of the
recognized world leaders in this area. The research here, however, involves using existing fabrication
techniques to, for instance, modify band structure or doping properties of lower-dimensional
materials to achieve specific effects. Thus, the fabrication-innovation ethos of NMSD was not so
much present in this work.
Of the remaining presentations—many of which were quite impressive—the work by Dr. Hiroshi
Mizuta of JAIST and Southampton had the most pertinence to NMSD. In particular, the use of He
ion beans for carving nanostructures is quite unusual and shows great promise for controlled
nanostructure fabrication. This, then, could be a key building block in future nanomodular device
design and fabrication.
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Tsinghua–Foxconn Nanotechnology Research Center
Site Address:

Department of Physics
Tsinghua University
Beijing 100084, China

Date Visited:

March 25, 2015

WTEC Attendees:

Pulickel Ajayan (report author), Don Brenner, Patricia Foland (WTEC)

Hosts:

Prof. Jiaping Wang
Tsinghua University
Department of Physics and Tsinghua–Foxconn Nanotechnology Research
Center
jpwang@tsinghua.edu.cn
010-62796007
Ruitao Lu, PhD
Assistant Professor
School of Materials Sciences and Engineering
luruitao@tsinghua.edu.cn
+86-13521258664

OVERVIEW
The Tsinghua-Foxconn Nanotechnology Research Center, established at Beijing’s Tsinghua
University in 2004, is a cooperation between the university and Foxconn Technology Group
(Taiwan), working towards developing innovative nanotechnology-based technology solutions and
commercialization. The center leverages Tsinghua’s lead in science and technology innovations and
Foxconn’s long-term experience in industrialization.
FUNCTIONAL FOCUS
The objectives of the organization are to interface with Tsinghua University faculty performing
nanotechnology research and provide research support to develop cutting-edge technologies and
products based on nanotechnology innovations. The center has been able to apply for more than 3000
patents for nanotechnology-based innovations, and it has achieved licensing for more than 800.
Several areas of nanotechnology research are being pursued at the center, which has worldwide
visibility as one of the key centers of nanotechnology commercialization. Many of the products being
developed at the center have relevance to nanomodular systems, although there is limited work being
done in the area of graphene and 2D materials.
RESEARCH AND DEVELOPMENT ACTIVITIES
Research being done at the center is particularly focused on carbon nanotubes and their
commercialization. The center pioneered in the spinning and large-scale manufacturing of nanotubebased films by pulling nanotubes from carbon nanotube forests; these are now being used
commercially as touch panels and screens. Millions of units of these nanotube transparent conducting
films are being made and shipped to be used by cell phone manufacturers in China, which is one of
the success stories in the commercialization of carbon nanotubes. Similarly, several-large scale
structural and functional components are manufactured here from nanotubes and are being
commercialized. There are several exciting projects being pursued in controllable growth of carbon
nanotubes and its applications.
Other applications being pursued at the center for nanostructures and nanomodular systems include
nanomaterials and nanotechnology for high-efficiency batteries, applications of nanomaterials and
nanotechnology in heat transfer, nanoelectronic and optoelectronic principles and components, and
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application of nanomaterials and nanotechnology in flat panel displays. Work on graphene and
related materials was just starting at the center at the time of the WTEC team’s visit.
TRANSLATION
This is a unique case of a strong industry–university cooperation that has successfully translated
fundamental research in nanotechnology area to commercial applications. The center has been
sustained for more than a decade and is seeing commercial success, especially in terms of
implementing carbon-nanotube-based transparent conducting films in several electronic devices.
Foxconn has served as the sole industry partner in realizing the potential of such collaboration.
SOURCES OF SUPPORT
Foxconn funds the Tsinghua-Foxconn Nanotechnology Research Center, but the university has
provided support in terms of space, intellectual property, and excellent faculty and students who
engage in state–of-the-art research in nanotechnology. Exact funding contributions are not known.
ASSESSMENT
The Tsinghua-Foxconn Nanotechnology Research Center provides an interesting case study in terms
of its unique characteristics. Industry has partnered with academia in China to commercialize
innovations in the area of nanotechnology. Foxconn has provided full funding support over a period
of a decade. Both basic science and applied research is being carried out at the center.
Commercialization and product development occurs at the same time as generating a large number
of patents based on new ideas and results. Faculty members from Tsinghua University work closely
with the center, and many have joint appointments.
SELECTED REFERENCES
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Wang, J.T. T.Y. Li, B.Y. Xia, X. Jin, H.M. Wei, W.Y. Wu, Y. Wei, J.P. Wang, P. Liu, L.N. Zhang, Q.Q. Li, S.S. Fan,
and K.L. Jiang. 2014. Vapor-condensation-assisted optical microscopy for ultra-long carbon nanotubes and other
nanostructures. Nano Lett. 14(6):3527-3533. DOI: 10.1021/nl5016969
Lin, X.Y., P. Liu, Y. Wei, Q.Q. Li, J.P. Wang, Y. Wu, C. Feng, L.N. Zhang, S.S. Fan, and K.L. Jiang. 2013.
Development of an ultra-thin film comprised of a graphene membrane and carbon nanotube vein support. Nat.
Commun., 4, 2920. DOI: 10.1038/ncomms3920.
He, Y.J., J. Zhang, D.Q. Li, J.T. Wang, Q. Wu, Y. Wei, L.N. Zhang, J.P. Wang, P. Liu, Q.Q. Li, S.S. Fan, and K.L. Jiang.
2013. Evaluating bandgap distributions of carbon nanotubes via scanning electron microscopy imaging of the
Schottky barriers. Nano Lett. 13: 5556–5562. DOI: 10.1021/nl403158x.
Jiang, K.L., J.P. Wang, Q.Q. Li, L. Liu, C.H. Liu, and S.S. Fan. 2011. Superaligned carbon nanotube arrays, films, and
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Tsinghua University (Workshop)
Site Address:

School of Materials Science and
Engineering
Tsinghua University
Beijing 100084, China
http:/tsinghua.edu.cn/publish
/mseen/

Date Visited:

March 26, 2015

WTEC Attendees:

Don Brenner (report author),
Pulickel Ajayan, Kaustav Banerjee, Patricia Foland (WTEC)

Hosts and Speakers:

Prof. Zhengjun Zhang
Dean, School of Materials Science and Engineering
zjzhang@tsinghua.edu.cn
+86 10 62797033
Prof. Hong Lin
Vice Director, State Key Lab of New Ceramics and Fine Processing
School of Materials Science and Engineering
Hong-lin@tsinghua.edu.cn
+86 10 62772672
Prof. Yuan-Hua Lin
Vice Dean, School of Materials Science and Engineering
linyh@tsinghua.edu.cn
+86 10 62773741
Prof. Lianmao Peng
Peking University
lmpeng@pku.edu.cn
+86 10 62764967
Prof. Lei Jiang
Institute of Chemistry, Chinese Academy of Sciences (CAS)
Jianglei@iccas.ac.cn
+86 10 82621396
Prof. Hongwei Zhu
Center for Nano and Micro Mechanics
hongweizhu@tsinghua.edu.cn
+86 10 62797005
Prof. Fei Wei
Tsinghua University
wf-dce@tsinghua.edu.cn
+86 10 62785464
Prof. Chang Liu
Institute of Metal Resistance
cliu@imr.ac.cn
+86 24 23971611
Prof. Yong Sheng Chen
Nankai University
Yschen99@nankai.edu.cn
+86 22 23500693
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Prof. Xun Wang
Tsinghua University
wangxun@mail.tsinghua.edu.cn
+86 10 62792791
Prof. Zhiping Yu
Tsinghua University
yuzhip@tsingua.edu.cn
+86 13 911560679
Prof. Jiang He (gave a lab tour)
Tsinghua University
jianghe@mail.tsinghua.edu.cn

Other Participants:

Prof. Yong Sheng Chen
Nankai University
Yshen99@nankai.edu.cn
+86 22 23500693

Prof. Yuanhua Lin
Tsinghua University
linyh@tsinghua.edu.cn
+86 10 62773741

Prof. Shoushan Fan
Tsinghua University
Fss-dmp@mail.tsinghua.edu.cn
+86 10 62772769

Prof. Wei Pan
Tsinghua University
Panw@tsinghua.edu.cn
+86 10 62772858

Prof. Kaili Jiang
Tsinghua University
jiangkl@tsinghua.edu.cn
+86 10 62772769

Prof. Jiaping Wang
Department of Physics and
Tsinghua-Foxconn
Nanotechnology Center
jpwang@tsinghua.edu.cn
+010 62796007

Prof. Jingfeng Li
Tsinghua University
jingfeng@tsinghua.edu.cn
+86 10 62784845
Ruitao Lu, PhD
Assistant Professor
Tsinghua University
lvruitao@tsinghua.edu.cn
+86 13 521258664

Assoc. Prof. Jinquan Wei
Tsinghua University
Jqwei@tsinghua.edu.cn
+86 10 62781085
Prof. Daming Zhuang
Tsinghua University
dmzhuang@tsinghua.edu.cn
+86 10 62773925

OVERVIEW
The Beijing NMSD workshop was held on the campus of Tsinghua University in Beijing, China,
with participants from Tsinghua, Peking, and Nankai Universities, as well as from the Institute of
Chemistry and Institute of Metal Research, both of the Chinese Academy of Sciences (CAS). This
cluster of universities and institutes is widely recognized as among the very best in China, with
faculty at the leading edge of nanometer-scale science and engineering. Tsinghua University has
traditionally emphasized engineering, but over the past few decades it has strengthened programs in
science, economics, humanities, law, and medicine.
Together, Peking and Tsinghua Universities, which have adjacent campuses, have combined
enrollments of over 75,000 students. Nankai University has over 22,000 students. The Institute for
Metal Research has roughly 900 researchers and support staff plus 700 graduate students; the
Institute of Chemistry has 600 employees.
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FUNCTIONAL FOCUS
Tsinghua, Beijing, and Nankai universities are all large and prestigious public universities with
comprehensive programs that span from basic science to engineering. Likewise, the Chemical and
Metal Research institutes are relatively large with prestigious interdisciplinary research efforts. The
Institute of Chemistry has an emphasis on interdisciplinary research that spans chemical, materials,
environmental, and life sciences. The Institute of Metal Research focuses on the science and
engineering of advanced materials, including high-performance metallic materials, composites, and
emerging inorganic materials. The comprehensive research scope of these institutions was apparent
in the wide range of topics presented, which were related to the basic science and applications of
one-dimensional and other nanometer-scale materials and devices.
RESEARCH AND DEVELOPMENT ACTIVITIES
The workshop included brief opening addresses from Profs. Hong Lin (the workshop chair) and
Zhengjun Zhang of Tsinghua University, and Prof. Ajayan of the U.S. WTEC delegation. These were
followed by eight technical talks from Chinese participants and three from members of the U.S.
delegation. Highlights from the technical presentations are given below.
Pulickel Ajayan (Rice University)
Engineering at the Nanoscale and Nanomodular Systems
Dr. Ajayan’s talk described the nature of the NSF-sponsored study on nanomodular systems and the
broad challenges and opportunities that exist in the field. There has been tremendous progress in the
design of nanoscale building blocks, but progress has been limited when it comes to putting these
together into functional devices and architectures. Work in two-dimensional materials is a case in
point, where the thinking has been to assemble individual layers of different compositions and
electronic structure into stacked, modular structures with multifunctional properties. The case also
highlights the fundamental limitations of this approach in terms of perfect organization, interfaces,
and scalable manufacturing. Dr. Ajayan noted the challenges in creating nanomodular systems,
providing several examples but focusing on 2D materials (Figures B.11 and B.12).

Figure B.11. Slide illustrating seamless engineering of compositionally variant layers, from work done at the
Ajayan lab (Liu et al. 2013).
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Figure B.12. Slide illustrating heterostructures of WS2/MoS2 atomic layers (Gong et al. 2014).

Lianmao Peng (Peking University)
Carbon-Based Nanoelectronic Devices and Sensors
Dr. Peng started with the challenges of doping carbon nanotubes, the inaccessibility of substitutional
sites, and the influence of mobility, and then pointed out that nanotubes are naturally n-type without
doping. The majority of the remainder of his talk focused on using nanotubes in CMOS technologies,
and he included demonstrations of performance and specific device configurations that were
measured and engineered in Prof. Peng’s laboratory. Prof. Peng also presented results for graphenebased Hall sensors (Figure B.13) that included the economic market and device design and
performance, including noise, sensitivity, and integration into existing technologies, and discussed
the benefits of graphene (Figure B.14).

Figure B.13. Hall sensors and applications (courtesy of Lianmao Peng).

152

Appendix B. Meeting and Site Visit Reports for Asia

Figure B.14. Why graphene? (courtesy of Lianmao Peng).

Lei Jiang (Institute of Chemistry)
Bio-Inspired Interfacial Materials with Super Wettability
In his talk Dr. Jiang discussed the different regimes of wettability, including super and/or low
hydrophobicity and hydrophilic behavior and super-wettability, and how these regimes can be
exploited to produce materials with properties inspired by biology. These included organogels for
oil–water separation.
Kaustav Banerjee (University of California, Santa Barbara)
2D Crystals for Nanoelectronics and Beyond
Prof. Banerjee discussed ongoing research in his laboratory on the development of semiconducting
devices based on two-dimensional materials. Topics included using first principles calculations for
engineering metal contacts to transition metal dichalcogenide (TMD) monolayers, a compact model
for TMD-based nanoelectronic device properties, and the performance and applications of TMDbased structures for device and sensing applications.
Hongwei Zhu (Tsinghua University)
Graphene-Based Hybrid Structures and Nanomodular Materials
After a brief overview of ongoing research in his laboratory and the structures of graphene with
potential applications, Dr. Zhu discussed ongoing research in his laboratory in three areas: wearable
sensors (graphene on polymers), membranes (graphene on ceramics) and optoelectronics (graphene
on semiconductors) (Figure B.15). In the first of these three areas, Dr. Zhu showed a graphene-based
woven fabric that is being developed as a sensor for robotic, biological, and sound applications. In
the second part of the talk, Dr. Zhu presented results using graphene for ion filtration/separation
including desalination (Figure B.16) and biomimetic selective ion transport. The third part of the talk
focused on graphite in thin-film device applications that included photodevices such as solar cells
and photodetectors.
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Figure B.15. Ongoing research at the lab of Hongwei Zhu.

Figure B.16. Water desalination with RGO/TO membranes at Hongwei Zhu’s laboratory (Sun et al. 2015).

Fei Wei (Tsinghua University)
CVD Growth of 3D sp2 Carbon its Application to Energy Conversion
Dr. Wei’s talk focused on carbon nanotubes and included discussion of their structure and properties,
growth, mass production and separation, and use in devices and as advanced materials (Figure B.17).
An emphasis of his talk was on the growth mechanisms and separation processes that can produce
superlong nanotubes (Figure B.18) with selected electrical properties; mechanical and frictional
properties of these structures; their use in devices and advanced materials, and mass production of
carbon nanotubes.
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Figure B.17. CNTs: Price and production (courtesy of Fei Wei, Tsinghua University).

Figure B.18. 550 mm superlong CNTs (courtesy of Fei Wei, Tsinghua University).

Chang Liu (Institute of Metal Research)
Selective Synthesis of Semiconducting and Metallic Single-Wall Carbon Nanotubes
Dr. Liu’s talk started with a brief discussion of some of the opportunities and remaining challenges
for fully exploiting the properties of carbon nanotubes, including controlled growth and selection of
nanotubes with desirable properties (Figure B.19). He presented research results regarding selective
etching, where it was shown that semiconducting single-walled large-diameter nanotubes, which
have enhanced stability to ion etching compared to metallic nanotubes, can be processed to make up
90% of a sample. Dr. Liu also presented results demonstrating bulk synthesis of primarily
semiconducting or primarily metallic nanotubes, which could lead to new applications in flexible
electronics. Nanotube applications in lithium-ion batteries and nanoconnectors were then discussed.
The latter discussion included dispersion and 3D networks of nanotubes in electrodes, nanotubegraphite composites and other hybrid structures, and nanotubes with filled interiors (Figure B.20).
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Figure B.19. In situ etching—floating catalyst CVD for the selective growth of SWCNTs at the Institute of
Metal Research (Liu et al. 2008).

Figure B.20. Fabrication of CNT-clamped Fe atomic chains (ACs) (courtesy of Chang Liu, Institute of Metal
Research).

Yong Sheng Chen (Nankai University)
Studies of Bulk 3D Graphene Materials
Dr. Chen started with the challenges facing the world today, with an emphasis on clean and
renewable energy and the environment, and pointed out that the last century was defined almost
exclusively by silicon-based technology and fossil fuels. Going further into the current century,
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Dr. Chen pointed out the promise of carbon as the defining material, based on its versatility in
structure and function as well as its stability and abundance. The remainder of his talk focused
primarily on the challenges and the technological accomplishments from his laboratory involving
graphene and related carbon structures such as porous graphene, graphene foam (Figure B.21), and
graphene-nanotube hybrids. He presented new results for the properties and performances of
supercapacitors (Figure B.22), actuating materials, and radiation absorption.

Figure B.21. 3D chemically bonded bulk graphene foam (courtesy of Yong Sheng Chen, Nankai University).

Figure B.22. Supercapacitors based on graphene (courtesy of Yong Sheng Chen, Nankai University).

Xun Wang (Tsinghua University)
Sub-1 nm Ultrathin Nanostructures and their Interface-Based Properties
Dr. Wang’s presentation dealt with the properties, structure, and solution-based synthesis of ultrathin
nanocrystals for catalysis and related applications. His group has shown that the size dependence and
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morphology can be tuned via solution properties, and that the clusters can be deposited out of solution
to create porous structures with high catalytic activity.
Donald Brenner (North Carolina State University)
Simulation Challenges for Nanomodular Systems
Dr. Brenner’s talk started with a brief overview of theory and modeling challenges for nanomodular
systems from the atom level through to the meso- and functional scales (Figure B.23). Dr. Brenner
presented results from the groups of Prof. Glotzer at the University of Michigan, Prof. Yingling at
NC State, and Prof. Brenner also from NC State regarding predicted assembly of nanostructures. The
latter included first-principles-based calculations that were related to the hydrothermal synthesis of
individual and assembled nanoclusters. Also discussed were two examples of multiphysics modeling
related to predicting properties of assembled nanostructures.

Figure B.23. Modeling challenges for nanomodular systems from atomic to functional scales.

Prof. Zhiping Yu (Tsinghua University)
Kinetic Mont Carlo (KMC) Modeling for CBRAMs
Dr. Yu’s talk was an excellent example of multiphysics modeling as applied to device performance,
specifically, different transport modes (mass, heat, electrons) involved in filament growth on
CBRAM (conductive bridging random-access memory) technology (Figure B.24). Dr. Yu’s
calculations combined rates of oxidation; cation hopping/reduction; electron emission and hopping
in an electrolyte; electron adsorption; and cation/electron reduction into a unified kinetic Monte
Carlo scheme that coupled structural evolution and device performance. He also presented examples
of macroscopic transport and compact modeling for CBRAM technology.
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Figure B.24. Kinetic Monte Carlo modeling of filament growth in CBRAM technology (courtesy of
Zhiping Yu, Tsinghua University).

Figure B.25. Modeling process technology (courtesy of Zhiping Yu, Tsinghua University).

TRANSLATION
The talks in this workshop were largely from basic research groups studying the fundamental
properties of nanotubes and graphene, with their interests in devices and functional materials being
chiefly academic. Other sites visited as part of this study were further toward market-ready
applications than appears the case in the laboratories represented at this workshop.
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SOURCES OF SUPPORT
The sources of support for these research programs were largely from government-sponsored basic
research funds.
ASSESSMENT
The universities and research institutes involved in this workshop are very rapidly becoming (or have
become) leaders in the basic science and advanced applications of nanostructures, including
nanomodular systems. The research model appears to be very similar to that in the United States,
performing basic research but with eye on applications and technology transfer. Given the
outstanding quality, the number of researchers involved, and the willingness of the researchers who
presented at this workshop to adapt best practices and policies from international research efforts,
the research from these institutions will continue to play a leading role in nanometer-scale science
and technology.
SELECTED REFERENCES
Gong, Y., J.H. Lin, X.L. Wang, G. Shi, S.D. Lei, Z. Lin, X.L. Zou, G.L. Ye, R. Vajtai, B.I. Yakobson, H. Terrones, M.
Terrones, B.K. Tay, J. Lou, S.T. Pantelides, Z. Liu, W. Zhou, and P.M. Ajayan. 2014. Vertical and in-plane
heterostructures from WS2/MoS2 monolayers. Nature Materials 13:1135.
Hou, P.X., C. Liu, and H.M. Cheng. 2014. Synthesis of semiconducting or metallic single-walled carbon nanotubes by
gas-phase selective etching. Chinese Science Bulletin 59(33): 3280–3292.
Huang, L., H.L. Xu, Z.Y. Zhang, C.Y. Chen, J.H. Jiang, X.M. Ma, B.Y. Chen, Z.S. Li, H. Zhong, and L.M. Peng. 2014
(7 July). Graphene/Si CMOS hybrid Hall integrated circuits. Sci. Rep. 4, 5548. DOI: 10.1038/srep05548.
Liu, Q.F., W.C. Ren, Z.-G. Chen, D.-W. Wang, B.L. Liu, B. Yu, F. Li, H.T. Cong, and H.-M. Cheng. 2008. Diameterselective growth of single-walled carbon nanotubes with high quality by floating catalyst method. ACS Nano
2(8):1722–1728. DOI: 10.1021/nn8003394.
Liu, Q.F., W.C. Ren, F. Li, H. Cong, and H.-M. Cheng. 2007. Synthesis and high thermal stability of double-walled
carbon nanotubes using nickel formate dihydrate as catalyst precursor. J. Phys. Chem. C111(13): 5006–5013. DOI:
10.1021/jp068672k.
Liu, Z., L.L. Ma, G. Shi, Y.J. Gong, S.D. Lei, X.B. Yang, J.N. Zhang, K.P. Hackenberg, A. Babakhani, R. Vajtai, J. Lou,
and P.M. Ajayan. 2013. Atomic layer engineering of graphene and hexagonal boron nitride. Nature Nanotechnology
8:119.
Sun, P., Q. Chen, X. Li, H. Liu, K. Wang, M. Zhong, J. Wei, D. Wu, R. Ma, T. Sasaki, and H. Zhu. 2015. Highly
efficient quasi-static water desalination using monolayer graphene oxide/titania hybrid laminates. NPG Asia
Materials 7:e162; DOI:10.1038/am.2015.7.
Sun, P., F. Zheng, K. Wang, M. Zhong, D. Wu, and H. Zhu. 2014. Electro- and magneto-modulated ion transport through
graphene oxide membranes, Sci. Rep. 4, 6798.
Wang, Y. T.T. Yang, J.C. Lao, R.J. Zhang, Y.Y. Zhang, M. Zhu, X. Li, X.B. Zang, K.L. Wang, W.J. Yu, H. Jin, L.
Wang, and H.W. Zhu. 2014. Ultra-sensitive graphene strain sensor for sound signal acquisition and recognition.
Nano Research 7: 869.
Wang, Y., L. Wang, T.T. Yang, X. Li, X.B. Zang, M. Zhu, K.L. Wang, D.H. Wu, and H.W. Zhu. 2014. Wearable and
highly sensitive graphene strain sensors for human motion monitoring, Advanced Functional Materials 24: 4666–
4670.
Zhang, R.F., A.Y. Ning, Y.Y. Zhang, Q.S. Zheng, Q. Chen, H.H. Xie, Q. Zhang, W.Z. Qian, and F. Wei. 2013.
Superlubricity in centimetres-long double-walled carbon nanotubes under ambient conditions. Nature
Nanotechnology 8, 912—916. DOI: 10.1038/nnano.2013.217.
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Cambridge University, Cambridge Graphene Centre
Site Address:

9 JJ Thomson Avenue
Cambridge CB3 0FA, United Kingdom
http://www.graphene.cam.ac.uk/

Date Visited:

April 30, 2015

WTEC Attendees:

Pulickel Ajayan (report author), Kaustav Banerjee, Don Brenner, Ahmed
Busnaina, Patricia Foland

Hosts and Speakers
(in order of their
presentations):

Prof. Andrea Ferrari
Director, Cambridge University Research Centre on Graphene,
Layered Crystals and Hybrid Nanomaterials
Head, Nanomaterials and Spectroscopy Group
Engineering Department and Nanoscience Centre
acf26@eng.cam.ac.uk
+44-1223-748351 / +44-7795-580458
Prof. Clare Grey, FRS
Department of Chemistry
http://www.ch.cam.ac.uk/group/grey/index
cpg27@cam.ac.uk
+44-1223-336509
Luigi Occhipinti, PhD
National Outreach Manager
Engineering and Physical Sciences Research Council (EPSRC)
Centre for Innovative Manufacturing in Large-Area Electronics
lgo23@cam.ac.uk
Felice Torrisi, PhD
Lecturer in Graphene Technology
Department of Electrical Engineering
Solid State Electronics and Nanoscale Science Group
ft242@eng.cam.ac.uk
Mario Amado Montero, PhD
Postdoctoral Research Associate
Device Materials Group, Spintronics and Superconductivity
ma664@cam.ac.uk
Daniel Popa, PhD
Senior Research Associate
Cambridge Graphene Centre
dp387@eng.cam.ac.uk
Ilya Goykhman, PhD
Senior Research Associate
Cambridge Graphene Centre
ig312@eng.cam.ac.uk
Antonio Lombardo, PhD
Cambridge Graphene Centre
University of Cambridge
al515@eng.cam.ac.uk
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Anna Motta, PhD
Project Manager and Technology Transfer Officer
Cambridge Graphene Centre, Engineering Department
University of Cambridge
technology@graphene.cam.ac.uk
Brian C. Holloway, PhD
Associate Director, U.S. Office of Naval Research Global
Brian.c.holloway6.civ@mail.mil
+1 571 482 0941

OVERVIEW
The University of Cambridge visit and meeting was organized by Prof. Andrea Ferrari, who has been
one of the main architects of the European Graphene Flagship program (http://grapheneflagship.eu/), along with the Nobel Prize winning Manchester group. The Cambridge participants
highlighted a large number of activities that are being pursued at Cambridge University in graphene
and related 2D materials, including basic research, development of devices, collaborations with
industry, and commercialization aspects for graphene-like materials. Cambridge is a strong partner
with several of the many European collaborative activities, in particular with those of the Manchester
group. Given the limited time that was available for the WTEC panel’s visit, only a few of the people
present spoke on their research. However, Prof. Ferrari gave a very good overview of the activities
of the Cambridge University Research Centre on Graphene, Layered Crystals, and Hybrid
Nanomaterials—known simply as the Graphene Centre. The meeting took place at the Cambridge
University Department of Electrical Engineering.
FUNCTIONAL FOCUS
The meeting focused on the science and engineering of graphene and other two-dimensional (2D)
atomic layered materials, in particular the basic science and development of 2D materials for several
applications. The presenters’ topics covered optical, electronic, and spintronic properties of 2D
systems, scalable growth of 2D materials, printed and flexible electronics using 2D structures,
composites, and energy applications of 2D materials. The presenters captured the state-of-the-art
research on 2D materials conducted at Cambridge and in its collaborations with European partners.
There was strong emphasis on scalable manufacturing of 2D materials, synergistic experimentaltheory efforts in understanding new physics in materials, and possible commercialization in graphene
and 2D materials-based devices. Cambridge has been at the forefront of publications in the area and
has a very strong position in the research and development of 2D materials. Prof. Ferrari and his
Graphene Center team are working towards implementing many of the graphene (2D material)-based
products in industrial applications over the next decade or so.
RESEARCH AND DEVELOPMENT ACTIVITIES
The meeting started with a welcome and brief introduction by Prof. Ferrari to Cambridge and the
Graphene Center and the focus on graphene and 2D materials in their current research. This was
followed by several interesting talks detailing various aspects of 2D materials, devices, and
nanosystems. Highlights of these talks are briefly summarized below.
Pulickel M. Ajayan (WTEC panel chair, Rice University)
Introduction to the WTEC Study on NMSD
Dr. Ajayan described the NSF-sponsored study on nanomodular systems and the broad challenges
and opportunities that exist in the field. There has been tremendous progress in the design of
nanoscale building blocks, but progress has been limited when it comes to putting these together into
functional devices and architectures. Two-dimensional materials are a perfect case in point, where
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the thinking has been to assemble individual layers of different compositions and electronic
structures into stacked, modular structures with multifunctional properties, but fundamental
limitations exist in this approach in terms of perfecting the organization and interfaces and designing
scalable manufacturing systems. Dr. Ajayan highlighted the overriding challenges in creating
nanomodular systems, providing several examples but mainly focusing on 2D materials.
Andrea Ferrari (Director, Cambridge University Research Centre on Graphene)
Overview of the Cambridge Graphene Center
Dr. Ferrari’s talk introduced the panelists to the diverse research activities taking place at the
Cambridge Graphene Center. The talk reviewed the history of carbon nanomaterials (including
diamond-like carbon and nanotubes), how graphene was discovered, and what potential this material
holds for applications. Although some of the details of the research work were later discussed in
other talks, Prof. Ferrari described the overall scope of research related to graphene and 2D materials
at the center. He highlighted the European Union’s Graphene Flagship program and how the
Cambridge Graphene Center is one of the major sites for this big effort. He discussed work being
done in the scalable synthesis of materials, characterization and fabrication efforts, and ongoing
studies in optoelectronics, spintronics, energy storage, catalysis, composites, and others. He also
highlighted the close interactions of the center with industry and the pathways for commercialization
of these new materials. Cambridge has done excellent work in commercializing some of the tools for
manufacturing of 2D materials (AIXTRON) and is in the process of forming startup companies in
graphene-based devices such as graphene touchscreens, wireless touchpads, and smart windows. The
center has a strong synergy between basic research and translation into applications. The overall
scope of the Graphene Flagship program (that includes materials beyond graphene) has been well
documented in a recent reference (Ferrari et al. 2015) with descriptions of opportunities, milestones,
and roadmaps for the development of 2D modular systems in areas such as electronics (both
conventional and emerging areas such as flexible electronics), photonics, spintronics, energy storage
and conversion, composites, and medicine.
Clare Grey (Materials Chemistry: Structure and Function Group)
2D Materials for Energy Applications
Dr. Grey’s presentation was focused on fundamental studies of graphene and related materials
(including reduced graphene oxide [RGO] electrodes) for energy storage applications, specifically
lithium-ion batteries. Members of her group have been developing novel electrodes based on RGO
for Li-ion and Li-oxygen batteries, and interesting in situ studies using NMR are being carried out
to understand the charge/discharge mechanisms. High-capacity cells based on RGO electrodes have
been developed. In addition, fundamental studies of solid electrolyte interphase (SEI) formation in
graphene and graphene-based electrodes have been conducted using in situ techniques developed in
their lab. Two-dimensional materials such as transition metal dichalcogenides are also being
considered for these applications.
Luigi Occhipinti (University of Cambridge)
EPSRC Center for Innovative Manufacturing in Large-Area Electronics
Dr. Occhipinti’s talk described the overall activities at the Centre for Innovative Manufacturing in
Large-Area Electronics funded by the UK’s Engineering and Physical Sciences Research Council
(EPSRC). The focus of the center is the multifunctional integration of large-scale electronic
components that include new materials such as nanotubes and graphene. The broad range of activities
at the center includes looking at innovative ways of manufacturing large-area electronics and ways
of integrating new materials and processes. Systems integration is a major goal, for example, the
integration of modular systems that contain printed electronic components with silicon for smart
sensors and other applications. One example described was creation of ultrathin flexible AMOLED
(active matrix OLED) hybrid displays. Plans are ongoing for integrating devices made from graphene
and other 2D material systems.
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Felice Torrisi (Solid State Electronics and Nanoscale Science Group)
Printed Flexible Electronics
Dr. Torrisi’s talk focused on the development of printed electronic components using graphene and
graphene-related inks. Development of inks that use liquid phase exfoliation of graphene and
functionalization and dispersion is important to obtaining consistent films and printed structures.
Several scalable manufacturing approaches are being developed, such as screen printing with
graphene-based inks. Basic studies of exfoliated graphene materials are also being done. Several
applications that are being looked at as part of this program include thin film composites, flexible
photodetectors, and heterostructure devices.
Mario Amado Montero (Device Materials Group, Spintronics and Superconductivity)
Spin Transport in Junctions Based on 2D Materials
Dr. Amado’s talk reviewed activities in the area of spintronics using 2D materials platforms. Devices
are fabricated using graphene and ferromagnetic substrates to study quantum spin and anomalous
Hall effect in these systems. There is also work being done on bismuth-based ternary topological
insulators, and thallium-based Josephson junctions are being tested. Overall there is a lot of interest
in understanding spin dynamics in 2D materials, and there is a concerted effort in this area at
Cambridge spanning from graphene to other 2D materials.
Daniel Popa (Cambridge Graphene Centre)
Graphene Photonics
Dr. Popa discussed the large number of graphene-based photonics devices being explored at
Cambridge, in both fundamental studies and application-oriented work. Films of graphene based on
screen printing from graphene inks are used to build the devices. The saturable absorption and the
nonlinear absorption properties of these films are being studied. A large number of devices such as
ultrafast mode-locked photonics, femtosecond lasers, and waveguides are being developed with
graphene materials.
Ilya Goykhman (Cambridge Graphene Centre)
Graphene Opto-Electronics
Dr. Goykhman described the large number of studies and devices being explored to understand the
optoelectronic properties of graphene and other 2D materials such as transition metal
dichalcogenides (TMDs). Photodetectors (broadband, high speed) based on 2D materials are a focus
with respect to optimizing photoresponsivity, junction formation, etc., for example, in the design of
a surface plasmon polariton–enhanced photodetector. Avalanche photodetectors plus flexible and
transparent photodetectors are also being designed and tested.
Antonio Lombardo (Cambridge Graphene Centre)
Graphene Electronics
The roadmap for graphene-based electronic devices was the focus of this talk. Dr. Lombardo noted
that due to high electron mobility in graphene, THz detectors based on graphene FETs are being
explored. Similarly, several unique graphene (and graphene heterostructure)-based electronic
devices are being constructed and studied, such as high-frequency detectors, low-power devices, THz
antennas, and RF and microwave devices using graphene-based materials.
Due to time constraints, some of the other planned talks (on graphene processing, 3D printing,
graphene structures, and characterization based on Raman spectroscopy, etc.) unfortunately did not
take place; however, it is clear that in multiple departments and groups, a large number of research
activities are ongoing at Cambridge to support graphene-based research.
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TRANSLATION
The large number of focused activities on graphene and other 2D materials at Cambridge is an
example of the exemplary set of research initiatives happening in Europe in this area. Several centers
are being established at several European universities (Cambridge, Manchester, Trinity College, etc.),
and a clear roadmap is being created to develop graphene-based products in the next decade or so.
There has been strong commercialization mandate for these centers to get graphene to the
marketplace. Graphene is relevant to products ranging from high-end electronic devices to medical
technologies and structural composites. There is also strong connection of Cambridge research
activities with industry that should enable in a short time frame this translation from basic research
to product development. Europe seems to be heavily invested in graphene and related materials at
the moment and is expecting a huge return on investment through revolutionary new technologies
based on these materials. The European centers have had a huge advantage in terms of early
discoveries and developments in the area, and generous support been has provided to harvest this.
SOURCES OF SUPPORT
Strong financial support from the European Union and national and local government research
agencies have allowed research in 2D materials to prosper in Europe. Large well-funded centers have
become the focal points of research activity in the area. Very large programs like the Graphene
Flagship (funded at a billion euros over 10 years) has changed the landscape of research advantage
to Europe and the collaborative initiatives (with academic institutions and industry) have laid the
foundation for long-term focused research and development in the area. In addition to the Graphene
Flagship program, several other individual and group grants supported by the European Research
Council and national funding agencies (DFG in Germany, EPSRC in the UK, etc.) have added
significant resources to the efforts.
ASSESSMENT
Europe clearly has a leading position in the research of graphene and 2D materials. The discovery of
graphene and the early developments in the area took place here. Several leading groups in
graphene/2D materials research are spread across Europe, and several large research centers have
been established. Exciting results are coming out of Europe, and those labs are in an advantageous
position compared to the United States in this field of research. Excellent research support is
available for this effort. Industrial collaboration and definition of roadmaps is expected to take
Europe to a leading role in the development of new graphene-based products and technologies.
SELECTED REFERENCES
The summary of all activities is well described in the following reference:
Ferrari, A.C., F. Bonaccorso, V. Fal'Ko, K.S. Novoselov, S. Roche, P. Bøggild, et al. 2015. Science and technology
roadmap for graphene, related two-dimensional crystals, and hybrid systems (review article). Nanoscale
7(11):4598–4810.
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EPFL Laboratory of Nanoscale Electronics and Structures
Site Address:

EPFL STI IEL LANES
BM 2141 (Bâtiment BM)
Station 17
CH-1015 Lausanne, Switzerland
http://lanes.epfl.ch/

Date Visited:

April 26, 2015

WTEC Attendees:

Don Brenner (report author), Pulickel
Ajayan, Kaustav Banerjee,
Ahmed Busnaina, Patricia Foland (WTEC)

Host:

Andras Kis
Associate Professor, EPFL
Head, Laboratory of Nanoscale Electronics and Structures (LANES)
Andras.kis@epfl.ch
+41 21 69 33925

OVERVIEW
Switzerland’s École Polytechnique Fédérale de Lausanne (EPFL) has an 11,000-person campus
situated on the shores of Lake Geneva, at the foot of the Alps including Mont-Blanc. Its three
missions—teaching, research, and technology transfer—are all focused on making a positive impact
on society. It is a vibrant, cosmopolitan, and cooperative science and technology teaching and
research environment, with students, professors, and staff from all over the world, and partnerships
of all kinds with institutions, researchers, entrepreneurs, and the general public in Switzerland and
globally. With over 350 laboratories and research groups on campus, EPFL is considered one of
Europe’s most innovative and productive scientific institutions. The WTEC study team visited Prof.
Andras Kis at the Laboratory of Nanoscale Electronics and Structures (LANES), which is part of
EPFL’s School of Electrical Engineering.
FUNCTIONAL FOCUS
LANES researchers are studying nanoelectronic devices; 2D semiconductors and 2D materials
“beyond graphene” with a strong emphasis on transition metal dichalcogenides; device and circuit
design; fabrication and modeling; and integration.
RESEARCH & DEVELOPMENT ACTIVITIES
The LANES group has made great strides using single-layer molybdenite (MoS2) sheets—with a
thickness of as little as 0.65 nm, excellent electron mobility, low standby energy use, and a natural
bandgap of 1.8 eV—for prototype transistors and circuits in next-generation nanoelectronics
applications as well as for use in light-emitting diodes, photodetectors, phototransistors, and solar
cells for optoelectronic applications. The LANES group is studying not only MoS2 but an entire
family of about ten layered materials.
In their research on MoS2 circuits, LANES researchers have demonstrated simple integrated circuits
based on MoS2 that can operate at room temperature and are capable of performing the NOT and
XOR logic operations. They have also shown that MoS2 is stiffer than stainless steel and has a
flexibility comparable to some plastics. In their research on MoS2 transistors, they have shown that
single-layer MoS2 is a viable semiconducting material that can be used to produce transistors with
high on:off ratios and very low power dissipation.
LANES researchers perform electrical and topological characterization of devices using a variety of
tools that include latest-generation AFM, low-noise setup for DC and AC electrical characterization,
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a He3 cryostat equipped with a magnet, CVD and MBE systems for 2D material growth, and others.
The group fabricates devices using a combination of techniques from EPFL’s cleanroom in the
Center of MicroNanoTechnology and capabilities in their own laboratory.
TRANSLATION
In addition to missions in education and research, EPFL has a mission as a hub for facilitating
interactions between the scientific community and industry. The latter is aided by the EPFL
Innovation Park, which provides educational, financial, and operational support for researchers and
students involved in entrepreneurship efforts. The work in Prof. Kis’s laboratory on two-dimensional
materials appears to be focused primarily on basic research, but with strong implications for future
technology transfer in areas of commercial importance that include nanoelectronics and sensors.
SOURCES OF SUPPORT
Work in LANES is supported by EPFL, the Swiss National Science Foundation, the Swiss
Nanoscience Institute, and the European Union (including the Graphene Flagship and 7th Framework
“Cooperation” and “People” Programmes).
ASSESSMENT
EPFL is widely recognized as one of the world’s leading science and engineering universities.
Prof. Kis’s work in LANES in the synthesis and characterization of two-dimensional materials, as
well as their incorporation into nanometer-scale electronic devices and sensors, is similarly regarded
as some of the best and most impactful research in this area.
SELECTED REFERENCES
Bertolazzi, S., J. Brivio, and A. Kis. 2011. Stretching and breaking of ultrathin MoS2. ACS Nano 5:9703–9709.
DOI:10.1021/nn203879f.
Feng, J., K. Liu, R.D. Bulushev, S. Khlybov, D. Dumcenco, A. Kis, and A. Radenovic. 2015. Identification of single
nucleotides in MoS2 nanopores. Nature Nanotech. 21 Sept. (online). DOI: 10.1038/nnano.2015.219.
Ferrari, A.C., F. Bonaccorso, V. Fal’ko, K.S. Novoselov, S. Roche, P. Bøggild, et al. 2015. Science and technology
roadmap for graphene, related two-dimensional crystals, and hybrid systems. Nanoscale 7:4598–4810. DOI:
10.1039/C4NR01600A.
Krasnozhon, D., D. Lembke, C. Nyffeler, Y. Leblebici, and A. Kis. 2014. MoS2 transistors operating at gigahertz
frequencies. Nano Lett. 14:5905–5911. DOI: 10.1021/nl5028638.
Lopez-Sanchez, O., D. Lembke, M. Kayci, A. Radenovic, and A. Kis. 2013. Ultrasensitive photodetectors based on
monolayer MoS2. Nature Nanotechnology 8:497–501. DOI: 10.1038/nnano.2013.100.
Radisavljevic, B., A. Radenovic, J. Brivio, V. Giacometti, and A. Kis. 2011. Single-layer MoS2 transistors. Nature
Nanotechnology 6:147–150. DOI: 10.1038/nnano.2010.279.
Radisavljevic, B., and A. Kis. 2013. Mobility engineering and a metal-insulator transition in monolayer MoS2. Nature
Materials 12:815–820. DOI: 10.1038/NMAT3687.
Radisavljevic, B., M.B. Whitwick, and A. Kis. 2011. Integrated circuits and logic operations based on single-layer MoS2.
ACS Nano 5:9934–9938. DOI: 10.1021/nn203715c.
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Imec (Workshop)
Site Address:

Kapeldreef 75
3001 Leuven, Belgium
http://www2.imec.be/be_en/
home.html

Date Visited:

April 28, 2015

WTEC Attendees:

Ahmed Busnaina (report
author), Pulickel Ajayan,
Kaustav Banerjee, Don Brenner, Patricia Foland (WTEC)

Hosts and Speakers
(in order of their
presentations):

Stefan De Gendt, PhD
Principal Scientist, Nanomaterials, Surfaces and Interfaces (NCAIS), Imec
StefanDeGendt@imec.be
+32 16 28 13 86
Chris Van Haesendonck, PhD
KU Leuven, Solid State Physics and Magnetism, Scanning Probe Microscopy
Chris.VanHaesendonck@fys.kuleuven.be
Steven de Feyter, PhD
KU Leuven, Nanochemistry on Surfaces & Scanning Probe Microscopy groups
Chem. Comm. Associate Editor, Nanoscience and Surface Science
steven.defeyter@chem.kuleuven.be
+32 16 327921
Jo Verbeeck, PhD
University of Antwerp
Electron Microscopy for Materials Science (EMAT)
jo.verbeeck@uantwerpen.be
Francois Peeters, PhD
University of Antwerp Department of Physics, Condensed Matter Theory
NANO Excellence Center
francois.peeters@uantwerpen.be
+32 3 265 36 64
Cedric Huyghebaert, PhD
R&D Team Leader, Nano Applications, Materials and Engineering, Imec
Cedric.Huyghebaert@imec.be
+32 16 28 81 55
Geoffrey Pourtois, PhD
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OVERVIEW
Imec, formerly the Interuniversity Microelectronics Centre, is a micro- and nanoelectronics research
center headquartered in Leuven, Belgium, with offices in the Netherlands, Taiwan, China, India,
Japan, and the United States. It has a staff of about 2200 people, including more than 700 industrial
residents and 300 PhD researchers. In 2014, Imec revenues were over €363 million (~US$406 million).
The Flemish Government set up a microelectronics program in 1982 with the goal of strengthening
the microelectronics industry in Flanders, due to the strategic importance of microelectronics for
industry and the major investments required to keep up with developments in this field. This program
included setting up a laboratory for advanced research in microelectronics (Imec, founded as a nonprofit organization in 1984), a semiconductor foundry (formerly Alcatel Microelectronics, now
STMicroelectronics and AMI Semiconductor), and a training program for VLSI design engineers
that is now fully integrated into Imec activities. Imec is supervised by a board of directors with
delegates from industry, Flemish universities, and the Flemish Government. Imec has a 300 mm
fabrication facility with sub-10 nm chip process technology utilizing a lithography cluster centered
around ASML equipment; the cleanroom is a 4,800 m2, class-1,000, ballroom-style area (see photo
on previous page), with the 450 m2 extension to be ready soon after the WTEC team’s visit.
FUNCTIONAL FOCUS
Imec performs world-leading research in nanoelectronics and delivers industry-relevant technology
solutions with applications in information and communications technologies (ICT), healthcare, and
energy. Its activities cover many areas such as CMOS scaling (advanced lithography, logic and
memory devices, interconnect scaling, 3D system integration, and optical interconnects). It is also
active in R&D to advance an “intuitive Internet of Things” (encompassing smart connected systems
for wireless communication, image sensors and vision systems, large-area flexible electronics, sensor
systems for industrial applications, and various physical components,1 an internet of health
(encompassing wearable health monitoring and life sciences),2 and an internet of power
(encompassing solar cells and batteries and GaN power electronics).3
RESEARCH AND DEVELOPMENT ACTIVITIES
The NSF-WTEC team met at Imec on April 28, 2015, with Imec and University of Antwerp
researchers in fields related to R&D in 2D materials. The meeting began with Dr. Stefan De Gendt,
Principal Scientist in the Nanomaterials, Surfaces and Interfaces (NCAIS) group at Imec, who gave
an overview presentation of Imec’s history, mission, team, facilities and infrastructure, revenue,
research program, and roadmap. This was followed by presentations by the NSF-WTEC team and
then by presentations by professors from Katholieke Universiteit (Catholic University, known as
KU) Leuven and the University of Antwerp (both Belgian universities that have numerous
collaborations with Imec), and then by Imec team leaders and program managers. The presentations
are summarized below very briefly, illustrated by several of the presenters’ slides.
Chris Van Haesendonck (KU Leuven Department of Physics and Astronomy)
Prof. Van Haesendonck spoke about measuring the structural and functional properties of reduceddimensionality systems with scanning probes (Figure C.1). He has investigated carbon-based
materials—(coiled) nanotubes, carbon nano-walls, and graphene; semiconducting nanowires and
nanoparticles; surface physics—self-assembly of atoms and molecules and clusters of atoms; and
magnetoelectric materials based either on implantation or on interface effects, including interfacing
with biomaterials as well as thin-film magnetism.

1

See http://www2.imec.be/be_en//research/wireless-communication/intuitive-internet-of-things.html
See http://www2.imec.be/be_en/research/wearable-health-monitoring.html
3
See http://www2.imec.be/be_en/research/photovoltaics-energy.html
2
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Figure C.1. Imaging carbon-based materials at Catholic University Leuven using high tunneling voltages.

Steven de Feyter (KU Leuven Nanoscience and Surface Science)
Prof. De Feyter spoke about nanopatterning graphite and graphene surfaces via molecular selfassembly, from fundamentals to applications (Figure C.2). He used self-assembly to make moleculebased surface-confined nanostructures. He also discussed the control of nano-patterning and
properties/function and addressing two of the main problems of graphene: No band gap (low on/off
ratios) and low charge carrier density at Fermi level. Chemical functionalization of graphene holds
promise for tailoring electronic properties (e.g., doping, band gap control, etc.) by utilizing molecular
self-assembled monolayers for tunable doping in graphene FETs

Figure C.2. Molecular self-assembly of graphite and graphene surfaces (Mali et al. 2012).

Jo Verbeeck (University of Antwerp, EMAT)
Prof. Verbeeck spoke about the state-of-the-art electron microscopy resolving the nanoworld. He
focused on transmission electron microscopy (TEM) as a tool to investigate nanomaterial structures
and provide much-needed structural information for growth and theory (e.g., Figure C.3).
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Figure C.3. On-chip tensile testing of ductility of thin metallic films (Pardoen et al. 2009/2010).

Francois Peeters (Francqui Chair, NANO Excellence Center, University of Antwerp)
Prof. Peeters discussed using nanoscale computational modeling to study the physics of 2D atomic
materials, such as graphene, silicene, germanene, stanene, transition metal chalcogenides,
phosphorene, etc., and assessing their electronic, optical, magnetic, and mechanical properties. The
effect of stacking of these 2D materials was addressed in terms of number of layers, stacking order,
and relative orientation. The effects of strain engineering and functionalization also were addressed.
Prof. Peeters has led an effort to screen a class of hypothetical crystals for transparent conducting
oxide (TCO) applications and to calculate important TCO properties: band gap, band alignment, band
mass, second band gap, etc. He indicated that the most popular TCO is Sn-doped In2O3; however,
indium is scarce, and there is a need to find new host materials with less or no indium.

Figure C.4. Condensed matter theory approaches (courtesy of Francois Peeters, Univ. of Antwerp).
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Stefan De Gendt (Principal Scientist, Imec NCAIS team)
Prof. De Gendt presented an overview of the 2D material growth and transfer efforts at Imec (Figure
C.5). He discussed graphene growth on Cu and transfer in addition to metal dichalcogenides
synthesis using chemical vapor deposition and direct sulphurization.

Figure C.5. Graphene synthesis at Imec.

Cedric Huyghebaert (Team leader, Imec Graphene Group)
Dr. Huyghebaert spoke about integration of 2D materials in a 300 mm pilot line. He specified many
challenges to successfully move from lab to fab, such as material defectivity (growth and transfer),
contact resistance with 2D materials (Figure C.6; architectures, metals, compatibility with FAB),
doping of 2D materials, embedding 2D materials in dielectrics, and decoration/ functionalization of
ribbon edges. He emphasized that although 2D materials show a lot of promise, there is a lack of
understanding in some of the fundamental issues linked to device control as well as a lack of maturity
in the manufacturability. In addition, there is no information about performance compared to cost.
He mentioned that Imec is working on finding answers to secure adoption by the semiconductor
industry.

Figure C.6. Contact resistance with 2D materials: Architectures (courtesy of Cedric Huyghebaert, Imec).
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Geoffrey Pourtois (Team Leader, Imec, Modeling, Simulation, and Physics)
Dr. Pourtois presented an overview of Imec’s modeling and module development and the use of
atomistic modeling development activities (Figure C.7). The effort included using modeling to screen
alternate metals or alloys for interconnect applications as well as assessing the use of ALD cursors
for metal deposition for interconnects in addition to pattern collapse for high aspect ratio nanoscale
structures during wet processes. His group also investigated scanning spreading resistance
microscopy (SSRM), defects in oxides and memories and the scaling limits of 2D materials based
devices.

Figure C.7. Modeling and module development at Imec (courtesy of Geoffrey Pourtois).

Iuliana Radu (Imec Program Manager, EXPLORE, and Beyond CMOS/Logic)
Dr. Radu’s presentation was on Imec’s device modeling efforts.
TRANSLATION
Imec’s R&D programs aim to bridge the gap between fundamental research at universities and
technology development in industry. It has a unique balance of processing and system know-how,
broad intellectual property portfolio, state-of-the-art infrastructure, and a strong worldwide network.
Imec’s partners include many electronics companies, such as Intel, Samsung, Panasonic, NVIDIA,
ST Microelectronics, NXP Semiconductors, Global Foundries, TSMC, Hynix, ASML, Xilinx,
Altera, Cadence Design Systems, Qualcomm, Renesas, Siltronic, and others.
SOURCES OF SUPPORT
Imec is supported by the Belgian and Dutch governments. Imec is a registered trademark for the
activities of Imec International, which is a legal entity (set up under Belgian law as a "stichting van
openbaar nut” or a “public utility foundation”). Imec Belgium (Imec vzw) is supported by the
Flemish Government). Imec the Netherlands (Stichting Imec Nederland) is part of Holst Centre,
which is supported by the Dutch Government, as are imec Taiwan (Imec Taiwan Co.), imec China
(Imec Microelectronics [Shanghai] Co. Ltd.), and imec India (Imec India Private Limited). Its
numerous technology partners pay fees to collaborate and work with Imec.
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Imec has reported its financial results for fiscal year ended December 31, 2014. Revenue for 2014 of
€363 million was a 9 percent growth from the previous year. The total includes revenue generated
through R&D contracts from international partners, collaborations with universities worldwide, and
funds from European research initiatives. The annual revenue figure also covers a yearly grant from
the Flemish government of €48.8 million in 2014 (~US$54.6 million), and a €4.1 million (~US$4.6
million) grant from the Dutch government to support the Holst Centre, a research center set up by
Imec and TNO (the Netherlands Organisation for Applied Scientific Research).
ASSESSMENT
Imec is very interested in taking advantage of 2D materials, although it has not yet started integrating
them into electronics manufacturing. It is assessing using the materials and looking thoroughly into
the manufacturing issues and scalability of using 2D materials including interfacial issues, yield,
scalability, and integration. For example, because 2D materials clearly show promise for the
continuation of CMOS scaling, Imec is addressing many of the challenges in this area, such as the
following:

•
•
•
•
•

Material defectivity (growth and transfer)
Contact resistance with 2D materials (architectures, metals, compatibility with FAB)
Doping of 2D materials
Embedding 2D materials in dielectrics
Decoration/ functionalization of ribbon edges

Imec has been focusing on modeling efforts to address many of these challenges. Its manufacturing
and process development is still focused on CMOS, but recently it has started a focused effort on the
transition metal dichalcogenides for beyond CMOS. Imec has a tremendous capacity to work on
manufacturing and integration of 2D materials with CMOS. Traditionally, Imec has been focused on
development, not on basic research, but its leadership has begun to look at fundamental issues
regarding manufacturing and integration of 2D materials.
SELECTED REFERENCES
Imec
Afanas’ev, V.V., D. Chiappe, C. Huyghebaert, I. Radu, S. De Gendt, M. Houssa, and A. Stesmans. 2015. Band alignment
at interfaces of few-monolayer MoS2 with SiO2 and HfO2. Microelectron. Eng. 147(1):294–297. DOI:
10.1016/j.mee.2015.04.106.
Pourtois, G., K. Sankaran, I. Radu, R. Degraeve, M.B. Zahid, S. Van Elshocht, C. Adelmann, S. De Gendt,
M.M. Heynse, D.J. Wouters, J.A. Kittl, M. Jurczak, G.-M. Rignanese, and J. Van Houdt. 2010. First-principles
investigation of high-k dielectrics for nonvolatile memories. ECS Trans. 33(3):393–407. DOI: 10.1149/1.3481628.

KU Leuven
Mali, K.S., J. Adisoejoso, E. Ghijsens, I. De Cat, and S. De Feyter. 2012. Exploring the complexity of supramolecular
interactions for patterning at the liquid–solid interface. Acc. Chem. Res. 45(8):1309–1320. DOI: 10.1021/ar200342u.
Pardoen, T., M. Coulombier, A. Boe, A. Safi, C. Brugger, S. Ryelandt, P. Carbonnelle, S. Gravier, and J.P. Raskin, 2009
(online)/2010. Ductility of thin metallic films. Mat. Sci. For. 633-634:615-635.

University of Antwerp
Boschker, H., J. Verbeeck, R. Egoavil, S. Bals, G. van Tendeloo, M. Huijben, E.P. Houwman, G. Koster, D.H.A. Blank,
and G. Rijnders. 2012. Preventing the reconstruction of the polar discontinuity at oxide heterointerfaces. Adv. Funct.
Mater. 22(11): 2235–2240. DOI: 10.1002/adfm.201102763.
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MINATEC and CEA-LETI (Workshop)
Site Address:

17 Rue des Martyrs
F-38054 Grenoble
Cedex 9, France
http://www.minatec.org/en

Date Visited:

April 27, 2015

WTEC Attendees:

Don Brenner (report
author), Pulickel Ajayan,
Kaustav Banerjee, Ahmed Busnaina, Patricia Foland (WTEC)

Hosts and Speakers
(in order of their
presentations):

Thomas Ernst, PhD
Scientific Director, CEA-LETI (Laboratory for Electronics and Information
Technologies)
Silicon Components and Technology
http://www-leti.cea.fr/en
Thomas.ernst@cea.fr
Assoc. Prof. Andras Kis, PhD
EPFL Laboratory of Nanoscale Electronics and Structures
http://lanes.epfl.ch/
Andras.kis@epfl.ch
+41 21 693 3925
Dr.-Ing. Andreas Bablich
University of Siegen
Group of Graphene-Based Nanotechnology
andreas.bablich@uni-siegen.de
+49 271 740 4748
François Martin, PhD
Senior Materials Scientist, CEA-LETI
Francois.martin@cea.fr
+33 38 78 35 86
Prof. Oleg Yazyev, PhD
PI, EPFL Institute of Theoretical Physics
oleg.yazyev@epfl.ch
+41 21 69 33415
Hanako Okuno, PhD
CEA-INAC (Institute for Nanosciences and Cryogenics)
Laboratory for Materials and Advanced Microscopy
hanako.okuno@cea.fr
+33 38 78 20 73
David Cooper, PhD
CEA-LETI (Electromicroscopy)
david.cooper@cea.fr
+33 37 78 19 27
Prof. Gianluca Fiori, PhD
University of Pisa Department of Information Engineering
Nanoscale Device Simulation Laboratory
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(cont.)

Jean Dijon, PhD
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OVERVIEW
The International Workshop on 2D Materials and Devices was held on the Micro and
Nanotechnologies Innovation Campus (MINATEC) in Grenoble, France, on April 27, 2015.
MINATEC has become an international hub for research and development in the areas of micro- and
nanotechnology. The campus currently has 2400 researchers and 1200 students who, together with
600 specialists in business and technology transfer, file almost 300 patents and publish 1600 papers
per year. New businesses have brought this technology to areas that include biotechnology,
optoelectronics, circuit design, and motion sensing. This concentrated research environment is able
to bring together relatively large, cross-disciplinary teams of researchers to address fundamental
science and technology issues.
The workshop was co-hosted by CEA-LETI and EPFL.4 Research at CEA-LETI focuses on energy,
information technology, healthcare, defense, and security, with a strong emphasis on technology
transfer to industry partners. It has 1700 employees and over 250 students, and has 2800 patents in
its portfolio. EPFL is a premier, internationally oriented, research-focused technical and academic
institution with a strong commitment to its activities benefiting the public community.
FUNCTIONAL FOCUS
MINATEC and CEA-LETI are both internationally known for leading research, development, and
technology transfer in the general area of nanoscience and nanotechnology, including in twodimensional materials. The workshop was organized and hosted by Dr. Thomas Ernst, who is
scientific director at CEA-LETI; it was co-hosted by Dr. Andras Kis of EPFL. The event brought
together a number of leading researchers in two-dimensional materials from nearby European
institutions and universities: France’s CEA-INAC (Institute for Nanosciences and Cryogenics) and
CEA-LITEN (Laboratory for Innovation in New Energy Technologies and Nanomaterials);
University of Pisa (Italy); and University of Siegen (Germany). This visit included a tour of the LETI
showroom of emerging technologies generated from its science and engineering activities.
RESEARCH AND DEVELOPMENT ACTIVITIES
The International Workshop on 2D Materials and Devices at MINATEC assembled a number of
distinguished researchers. After the group was welcomed by both Dr. Ernst and Dr. Kis, attendees
gave presentations on their work. Below are brief synopses of their talks.

4

CEA is France’s nuclear and renewable energy commission; LETI (Laboratoire d'électronique des technologies de
l'information) is one of three CEA advanced laboratories; its work focuses on electronics and information technologies.
EPFL is the Ecole polytechnique fédérale de Lausanne, Switzerland’s premier technical university.
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Andreas Bablich for Max Lemme (University of Siegen, Graphene-Based Nanotechnology)
Carbon-Based Devices for More-than-Moore
Andreas Bablich gave his presentation on behalf of Prof. Max Lemme, who could not attend the
workshop. After a brief introduction to the University of Siegen, Dr. Bablich presented an overview
of their work in the area of graphene that was organized into topics of fabrication, transfer, process
technology, challenges, and applications. He presented a review of graphene growth by chemical
vapor deposition (CVD), transfer by etching and by bubble and capillary methods, and graphene
fabrication into wafers and devices. This was followed by a discussion of remaining challenges in
this area that focused on detection of trace contaminates that can affect performance at the device
level. The remainder of the talk focused on component processing and performance for devices based
on graphene-silicon and MoS2-silicon integration with respect to p-n junctions and photodetectors,
respectively.
Selected Slides (Andreas Bablich, Max Lemme)

Figure C.8. Graphene MOSFETS (GFETs), work by the Group of Graphene-Based Nanotechnology at the
University of Siegen.
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Figure C.9. Challenges of graphene process integration (Group of Graphene-Based Nanotechnology at the
University of Siegen).

Andras Kis (EPFL Laboratory of Nanoscale Electronics and Structures)
MoS2 and Dichalcogenide-based Devices and Hybrid Heterostructures
Prof. Kis discussed results from his research group on MoS2 (and to a lesser extent, other twodimensional dichalcogenides). This research emphasizes fundamental optoelectronic and mechanical
properties as well as device configurations that take advantage of these properties. After a brief
discussion of the properties and history of MoS2 as a material and a lubricant, Prof. Kis discussed
results for MoS2-based transistors, ultra-sensitive photodetectors, and light-emitting Si
heterojunctions. He then discussed the chemical vapor deposition of MoS2 that includes surface
reconstruction, domain orientation, grain boundaries, and their influence on properties such as
conductivity. The final topic, which he discussed briefly, was the electrochemical etching of
monolayer MoS2 and the use of the resulting nanopores for biosensing. (The WTEC panel had also
visited Prof. Kis’s lab in Lausanne on the previous day.)

178

Appendix C. Meeting and Site Visit Reports for Europe

Selected Slides (Andras Kis)

Figure C.10. Four devices based on monolayer MoS2 (EPFL).

Figure C.11. MoS2/Si heterojunctions: Light emission (EPFL).

François Martin (CEA-LETI)
Emerging Materials for New Market Opportunities
Dr. Martin reviewed recent progress in two-dimensional chalcogenides (mostly MoS2) as well as
polymers and other nanostructures in terms of materials and structures for emerging technologies.
His talk included the capabilities at LETI and its partners for MoS2 growth by soft and green chemical
methods, materials characterization, and advanced film bonding. He also briefly discussed the
polymeric and related nanostructures being studied.
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Selected Slides (François Martin)

Figure C.12. MoS2 growth: Introduction of green chemistry (CEA-LETI).

Figure C.13. Advanced film bonding (CEA-LETI).
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Ahmed Busnaina (Northeastern University)
Nanoscale Printing System for Sensors, Electronics, and Energy Applications
Few nanoscale devices manufactured today exploit the unique properties and behaviors of
nanomaterials such as nanotubes, quantum dots, and nanoparticles. Electronic printing offers a novel
approach to fabricating devices and products incorporating nanomaterials. However, today’s lowend electronics are produced using inkjet technology, which is very slow and is limited to only
microscale resolution. In this presentation, Dr. Busnaina discussed a new fully automated robotic
Nanoscale Offset Printing System (NanoOPS) that has built-in alignment and registration and is
capable of printing vertically interconnected circuit (metal) levels. The NanoOPS can print nanoscale
electronics and other devices that take advantage of the superior properties of nanomaterials and at
a fraction of the cost of today’s Si-based devices. This reconfigurable manufacturing technology
platform operates at ambient temperature and pressure with water-based ink and is materialindependent (it can print conductive, semiconducting, and insulating materials). This nanoscale
printing technology was demonstrated by making flexible electronics (made of carbon nanotubes or
2D materials such as graphene or MoS2) and micro flexible sensor systems with nanoscale features.
The system has also been used to print energy harvesting devices for harvesting thermal (infrared)
energy. This new equipment will transform nanomanufacturing, nano-enabled technologies and will
spur innovation by drastically overcoming the high-cost entry barrier to the fabrication of nanoscale
devices.
Pulickel Ajayan (Rice University)
Engineering at the Nanoscale and Nanomodular Systems
Dr. Ajayan’s talk introduced the NSF-sponsored study on nanomodular systems and addressed the
broad challenges and opportunities that exist in the field. There has been tremendous progress in the
design of nanoscale building blocks, but the progress has been limited when it comes to putting these
together into functional devices and architectures. Two-dimensional materials are an ideal case in
point where the thinking has been to assemble individual layers of different compositions and
electronic structure into stacked, modular structures with multifunctional properties. However, the
case highlights the fundamental limitations of this approach in terms of perfect organization,
interfaces, and scalable manufacturing. The talk highlighted the overall challenges in creating
nanomodular systems, providing several examples but focusing on 2D materials as a case in point.
Oleg Yazyev (EPFL Institute of Theoretical Physics)
Polycrystalline Graphene and Other Two-Dimensional Materials
Prof. Yazyev gave a comprehensive and detailed discussion of the theory and modeling of the
structure and properties of defects in polycrystalline graphite and related two-dimensional materials.
His talk was organized in sections that covered topological defects, experimental evidence for
defects, a buckling transition of grain boundaries in graphene, and electronic transport phenomena
in graphene that includes transport across periodic grain boundaries, resonant scattering on
dislocations, and valley filtering using periodic line defects. Dr. Yazyev gave an overview of the
structure and energy of defects, including point defects, dislocations, and disclinations, and he
discussed grain boundaries in terms of the latter two defect types. He presented evidence for the
presence of these defects in experimental systems and for a buckling transition predicted by theory.
The second part of his talk focused on the theory and calculation (via Green’s function methods) of
electronic transport across these defects. This included first principles calculations of “Valley
Filtering”, where periodic defects lead to controllable filtering of charge carries.
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Selected Slides (Oleg Yazyev)

Figure C.14. Experimental evidence: large-angle GB in epitaxial graphene on SiC(000-1) (EPFL).

Figure C.15. NEGF function results (ballistic regime) (EPFL).
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Hanako Okuno (CEA-INAC) and David Cooper (CEA-LETI)
TEM Advanced Techniques: What We Learn on 2D Materials
This talk, jointly given by Drs. Okuno and Cooper, focused on the challenges to imaging twodimensional materials due to the small scale, and the progress made by the presenters toward solving
these challenges. The challenges include getting both structure and chemical information from the
two-dimensional materials, especially as related to doping and contamination. Their results also
include diffraction-based thickness measurements that indicate that MoS2 films deposited by
molecular beam epitaxy (MBE) are not uniform. They also discussed off-axis electron diffraction,
where they are working toward directly measuring electrostatic potential with the possibility of
detecting single atom dopants. (Their slides were not available.)
Gianluca Fiori (University of Pisa Nanoscale Device Simulation Laboratory)
Evaluating the Performance of 2D Materials-Based Devices through Numerical Simulations
Prof. Fiori presented results from his modeling studies of devices with components constructed from
2D materials. The work he presented is an excellent example of using multiphysics methods to
model, evaluate, and predict performance for nanomodular device architectures. Prof. Fiori’s
presentation started by giving the historical trend in transistor count, followed by noting the
enormous power density (and hence heat dissipation) that would be needed to continue this trend
with current technologies. He then discussed whether the high mobilities and inherent thinness of 2D
materials could be leveraged to continue advancing CPU development, while mitigating the effects
of required power density and associated heat dissipation.
Prof. Fiori presented results from calculations in which several device architectures were analyzed,
including a vertical BN/graphene device, a planar BC2N field-effect transistor (FET), a bilayer
graphene and a Bi2Se3 tunnel FET, and a MoS2/Si optoelectronic device. One of the main results
from the modeling has been that the figures of merit are very sensitive to the contact resistance (which
is consistent with conclusions of panel member Prof. Banerjee), and that work function tuning plays
an important role in the design of solar cells.
The presentation concluded with a detailed description of Prof. Fiori’s modeling code, which
combines a self-consistent solution of the 2D/3D Poisson’s equation with a non-equilibrium Green’s
function solution to the transport equations. Exciting features of this code with respect to
nanomodular design include that it is highly modular, it can be extended to any material within a
semi-empirical tight binding approximation, it is built on two widely-used and freely-available codes
(Quantum Espresso and Wannier90), and that Prof. Fiori has made the code publicly available at the
website http://vides.nanotcad.com.
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Selected Slides (Gianluca Fiori)

Figure C.16. Vertical BN/graphene device (University of Pisa).

Figure C.17. The need for multiscale (need for speed) (University of Pisa).
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Jean Dijon (CEA-LITEN Laboratory for Innovation in New Energy Technologies)
Disruptive Growth Processes for Graphene
Dr. Dijon presented results from his laboratory in which graphene is grown on a platinum thin film
on a silicon wafer using hot-filament chemical vapor deposition. This method was shown to have
several important advantages over the more common use of copper; these advantages include a
smoother substrate, ease of transfer via electrochemistry, reuse of the metal substrate, and the ability
to control the nano-to-microstructure of the graphene. For the latter, it was shown that domain sizes
(which still contained defects) could be controlled by annealing from nanocrystalline (5 nm domain
sizes) to domains with sizes as large as a few microns. The key to controlling grain size, according
to results presented, is the formation of 5–7 topological defects that are mobile via a Stone-Wales
transformation. In the final part of his talk, Dr. Dijon discussed some potential applications for
graphene with controllable defect densities and structures based on the relationships between charge
transport and device functionality, similar to that discussed from the theory viewpoint by Prof.
Yazyev earlier.
Selected Slides (Jean Dijon)

Figure C.18. 30–100 nm domains merged in two predominated orientations at 30° (CEA-LITEN).

International Assessment of Research in Nanomodular Materials and Systems by Design

185

Figure C.19. Tunable electronic properties through grain-boundary engineering (CEA-LITEN).

Donald Brenner (North Carolina State University)
Nanomodular Materials Systems Modeling
Prof. Brenner discussed some of the challenges associated with modeling functional nanomodular
systems from the component up to the function (macroscopic) scales. These challenges include
multiphysics modeling that combines scales and approaches as well as quantification of uncertainty
across these scales (see slide on next page).
TOUR OF THE LETI SHOWROOM
The tour of the CEA-LETI showroom of technologies generated from their science and engineering
activities included the following:

•
•
•
•
•
•
•
•
•
•

High-energy-density Li-ion batteries for cars and electronics
RFID tags in infrastructure (buried pipes, cables, tires, etc.)
Solar cells
Exoskeleton
IR detectors
High-resolution OLED (organic) displays
Active fabrics
Bio-detection sensors (stress)
Rapid data transfer cards (medical applications)
Microfluidics chips for medical applications
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Selected Slide (Donald Brenner)

Figure C.20. Modeling challenges for nanomodular systems.

TRANSLATION
MINATEC and CEA-LETI are both heavily invested in working with existing industry, technology
transfer, and developing spin-off companies. Businesses that range from major corporations to startups have offices on the MINATEC campus, and MINATEC and LETI researchers file about 300
patent applications each year. LETI acts as a primary MINATEC interface with industry. According
to the LETI website, it offers four types of contracts with partner organizations that vary in length
from several months to several years. These contacts include long R&D collaboration projects,
bilateral agreements that typically last two years and that include performance targets with
predetermined timetables, a joint laboratory for longer-term (minimum of three years) for several
simultaneous projects, and technology transfer contracts for training, on-site technical support, and
production assistance.
SOURCES OF SUPPORT
Details of support for MINATEC/LETI were not included in the presentations and not available on
their websites. However, they appear to be supported by a combination of government funds, industry
partners, and technology licensing.
ASSESSMENT
MINATEC is one of the world’s leading research and development campuses not only in twodimensional materials, but in a much wider range of nano- and microtechnologies. Its organization
and practices connecting fundamental research with industrial needs are extremely effective and
could be a model for creating nanomodular nanotechnologies.

International Assessment of Research in Nanomodular Materials and Systems by Design

187

SELECTED REFERENCES
Andreas Bablich
Schneider, D.S., C. Merfort, and A. Bablich. 2015. Progress in a-Si:H based multispectral sensor technology and material
recognition Sensors and Actuators A: Physical 223: 24–30. DOI:10.1016/j.sna.2014.12.007.

David Cooper
Cooper, D., N. Bernier, and J.-L. Rouvière. 2015. Combining 2 nm spatial resolution and 0.02% precision for
deformation mapping of semiconductor specimens in a transmission electron microscope by precession electron
diffraction. Nano Lett. 15(8):5289–5294. DOI: 10.1021/acs.nanolett.5b01614.

Jean Dijon
Kim, H.K., O. Renault, A. Tyurnina, J.-F. Guillet, J.-P. Simonato, D. Rouchon, D. Mariolle, N. Chevalier, and J. Dijon.
2015. Doping characteristics of iodine on as-grown chemical vapor deposited graphene on Pt. Ultramicroscopy Jul
3. Epub 2015 Jul 3. DOI: 10.1016/j.ultramic.2015.06.012.

Thomas Ernst
Ernst, T. 2013. Controlling the polarity of silicon nanowire transistors. Science 340(6139):1414–1415.
DOI: 10.1126/science.1238630.

Gianluca Fiori
Fiori, G., S. Bruzzone, and G. Iannaccone. 2013. Very large current modulation in vertical heterostructure graphene/hBN
transistors. IEEE Trans. Electron Devices 60(1):268–273.
Fiori, G., D. Neumaier, B.N Szafranek, and G. Iannaccone. 2014. Bilayer graphene transistors for analog electronics.
IEEE Trans. Electron Devices 61:729--733. DOI: 10.1109/TED.2014.2302382
Iannaccone, G., A. Betti, and G. Fiori. 2015. Suppressed and enhanced shot noise in one dimensional field-effect
transistors. J. Computational Electronics 14(1):94–106.
Website for Prof. Fiori’s device modeling code: http://vides.nanotcad.com

Andras Kis
Dumcenco, D., D. Ovchinnikov, K. Marinov, P. Lazić, M. Gibertini, N. Marzari, O. Lopez Sanchez, Y.-C. Kung, D.
Krasnozhon, M.-W. Chen, S. Bertolazzi, P. Gillet, A. Fontcuberta i Morral, A. Radenovic, and A. Kis. 2015. Largearea epitaxial monolayer MoS2. ACS Nano 9(4):4611–4620. DOI: 10.1021/acsnano.5b01281.
Lopez-Sanchez, O., E. Alarcon Llado, V. Koman, A. Fontcuberta i Morral, A. Radenovic, and A. Kis. 2014. Light
generation and harvesting in a van der Waals heterostructure. ACS Nano 8(3):3042–3048. DOI: 10.1021/nn500480u.
Manzeli, S., A. Allain, A. Ghadimi, and A. Kis. 2015. Piezoresistivity and strain-induced band gap tuning in atomically
thin MoS2. Nano Lett. 15(8):5330–5335. DOI: 10.1021/acs.nanolett.5b01689.

M. C. Lemme
Lupina, G., J. Kitzmann, I. Costina, M. Lukosius, C. Wenger, A. Wolff, S. Vaziri, M. Östling, I. Pasternak,
A. Krajewska, W. Strupinski, S. Kataria, A. Gahoi, M.C. Lemme, G. Ruhl, G. Zoth, O. Luxenhofer, and W. Mehr.
2015. Residual metallic contamination of transferred chemical vapor deposited graphene. ACS Nano 9(5):4776–
4785. DOI: 10.1021/acsnano.5b01261.
Smith, A.D., S. Vaziria, S. Rodrigueza, M. Östlinga, and M.C. Lemme. 2015. Large scale integration of graphene
transistors for potential applications in the back end of the line. Solid-State Electron. 108:61–66.
DOI: 10.1016/j.sse.2014.12.014.

Hanako Okuno
Thirunavukkarasu, S., J. Dijon, A. Fournier, and H. Okuno. 2014. Effective supergrowth of vertical aligned carbon
nanotubes at low temperature and pressure. J. Nanosci. Nanotech. 14( 3):2520-2526(7).
DOI: 10.1166/jnn.2014.8504.

Oleg Yazyev
Tison, Y., J. Lagoute, V. Repain, C. Chacon, Y. Girard, F. Joucken, R. Sporken, F. Gargiulo, O.V. Yazyev, and
S. Rousset. 2014. Grain boundaries in graphene on SiC(0001̅) substrate. Nano Lett. 14(11):6382–6386.
Yazyev, O.V., and Y.P. Chen. 2014. Polycrystalline graphene and other two-dimensional materials (review article).
Nature Nanotechnology 9:755–767. DOI: 10.1038/nnano.2014.166.
Yazyev, O.V., and S.G. Louie. 2010. Electronic transport in polycrystalline graphene. Nat. Mater. 9:806–809.
DOI: 10.1038/nmat2830.

188

Appendix C. Meeting and Site Visit Reports for Europe

Trinity College CRANN Institute and AMBER National Centre
Site Address:

College Green
Dublin 2, Ireland
http://www.crann.tcd.ie
http://ambercentre.ie

Date Visited:

April 29, 2015

WTEC Attendees:

Pulickel Ajayan (report author), Kaustav Banerjee, Don Brenner,
Ahmed Busnaina, Patricia Foland

Hosts and Speakers
(in order of their
presentations):

Prof. Jonathan Coleman
European Research Council (ERC) Researcher (1D nanostructures)
School of Physics and CRANN
colemaj@tcd.ie
+353.1.8963859
Prof. Valeria Nicolosi
Principal Investigator, CRANN (advanced characterization
and processing of nanomaterials)
ERC Research Professor, School of Chemistry and School of Physics
nicolov@tcd.ie
+353.1.8964408
Prof. Georg Duesberg
Principal Investigator, CRANN (novel devices, CNTs, graphene)
duesberg@tcd.ie
+353.1.8963035
Prof. Mick Morris
Principal Investigator, CRANN (nanoelectronic devices)
Head, Department of Chemistry, University College Cork (Ireland)
Deputy Director, AMBER
morrism2@tcd.ie
+353.1.4902180
Prof. Hongzhou Zhang
Principal Investigator, CRANN (helium-ion microscopy)
hongzhou.zhang@tcd.ie
+353.1.8964655
Prof. Stefano Sanvito
Director, CRANN, School of Physics
Head, Computational Spintronics Group
stefano.sanvito@tcd.ie
+353.1.8963065
Prof. Igor Shvets
School of Physics, Applied Physics (nanostructures and advanced
materials for IT and renewable energy, and commercialization)
igor.chvets@tcd.ie
+353.1.8961653
Prof. John Boland
Principal Investigator, CRANN (surface chemistry)
jboland@tcd.ie
+353.1.8963140

International Assessment of Research in Nanomodular Materials and Systems by Design

Other Participants:

189

Brian C. Holloway, PhD
Associate Director, U.S. Office of Naval Research Global
Brian.c.holloway6.civ@mail.mil
+1 571 482 0941

OVERVIEW
The WTEC study team’s site visit to Trinity College, Dublin, was organized by Prof. Jonathan
Coleman under the auspices of Trinity’s Centre for Research on Adaptive Nanostructures &
Nanodevices (CRANN), established in 2003, and the CRANN-co-hosted center for Advanced
Materials and BioEngineering Research (AMBER), established in 2013. CRANN is Ireland’s leading
nanoscience institute and houses world-class advanced microscopy instrumentation, including a
helium-ion microscope, one of only a dozen in the world. CRANN brings together over 300
researchers, including over 35 principal investigators (PIs), from Trinity's Schools of Physics,
Chemistry, Medicine, Engineering, and Pharmacology. AMBER is designed as an academic–
industry partnership; it has over 20 industrial partners and several academic partners, along with
funding from Science Foundation Ireland. It brings together about 135 researchers, including 30 PIs
and 15 embedded industrial researchers.
Together, CRANN and AMBER are focused on discovering and translating leading-edge science
into products with practical applications, particularly for the information and communications
technology (ICT), medical devices, and industrial technology sectors. The nanomaterials research
being carried out at Trinity College puts it at the forefront of such research; a recent survey suggests
that Ireland is ranked 6th in the world in nanomaterials research.
Several CRANN-AMBER activities relate to 2D materials and nanomodular systems. The
NMSD/2D Materials half-day meeting at Trinity College consisted of talks from members of
CRANN and AMBER, including Prof. Morris, who came from Cork.
FUNCTIONAL FOCUS
The talks focused on several areas of graphene and other 2D structures, atomic-scale characterization
and new tools that will play a vital role in that area, other nanostructured materials including
polymers, and modeling efforts. The CRANN researchers have established a worldwide
collaborative network in developing nanomaterials and have done pioneering work in the area of
exfoliated 2D materials. The researchers are well integrated into the European programs on 2D
materials, including the European Union’s Graphene Flagship program.
RESEARCH AND DEVELOPMENT ACTIVITIES
The meeting started with introductions of the U.S. representatives, followed by a summary talk by
the WTEC panel chair (Pulickel Ajayan) describing the overall goals of the visit and the WTEC-NSF
study. This was followed by a number of talks by the CRANN members. Summaries of the
presentations are provided below.
Pulickel M. Ajayan (WTEC panel chair, Rice University)
Introduction to the WTEC Study on NMSD
Dr. Ajayan’s talk reviewed the NSF-sponsored study on nanomodular systems and the broad
challenges and opportunities in creating nanomodular systems, providing several examples but
focusing on 2D materials. Tremendous progress has been made in the design of nanoscale building
blocks, but progress has been limited when it comes to putting these together into functional devices
and architectures. 2D materials is a case where the thinking has been to assemble individual layers
of different compositions and electronic structure into stacked, modular structures with
multifunctional properties; however, this approach has fundamental limitations in terms of perfect
organization, interfaces, and scalable manufacturing.
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Jonathan Coleman (School of Physics and CRANN/AMBER )
Large-Scale Production of 2D Materials by Liquid Exfoliation
Dr. Coleman’s talk emphasized technologies that would benefit from liquid phase exfoliation of 2D
materials. Coleman is a pioneer in this area, whose present work aims at understanding the exfoliation
mechanism and optimization of this method to create bulk quantities of monolayer samples. These
materials—graphene, transition metal dichalcogenides (TMDs), etc.—are being used in several
applications that include polymer composites, supercapacitor electrodes, and inks for printing. In
terms of specific applications, materials and devices are being developed from these exfoliated liquid
dispersions, for example, strain sensors, structural thin-film composites (including reinforced beer
bottles) and coatings, printed electronic devices, catalysts, and energy storage devices. Dr. Coleman
has a strong interaction with industry in his work.
Valerie Nicolosi (CRANN/AMBER and School of Chemistry and School of Physics)
2D Nanomaterials: Synthesis, Atom-by-Atom Characterization and Applications
Dr. Nicolosi’s talk discussed the CRANN atomic-resolution Advanced Microscopy Laboratory
(AML), completed in 2009, that is being developed at Trinity and work at this facility to characterize
and understand 2D materials and several phenomena in 2D materials by doing in situ microscopy,
including atomic characterization by aberration-corrected scanning transmission electron
microscopy (STEM). The AML facility is one of the best in Europe—and in the world. Dr. Nicolosi
discussed several interesting developments such as the liquid cell in the microscope. In addition to
discussing local measurements, the talk also covered application-oriented work related to energy
storage using MnO2/graphene hybrid materials as electrodes.
Georg Duesberg (CRANN/AMBER)
Electronic Devices with CVD-Grown 2D Materials
Dr. Duesberg’s talk focused on CVD growth of 2D materials such as MoS2, WS2, MoSe2, WSe2, and
ReS2. He described wafer-scale growth of these monolayers using metalorganic chemical vapor
deposition (MOCVD). These materials are also routinely characterized by Raman and
photoluminescence (PL) measurements, and devices are built from these for electrical/optical
characterization. Dr. Duesberg also described several activities at CRANN such as creating stacked
structures, understanding growth mechanism on different substrates, surface functionalization of 2D
layers, and ion gel gating for transport measurements. CRANN researchers are pursuing applications
such as energy storage, sensors, transistors, and photodetectors.
Mick Morris (CRANN, AMBER, and University College Cork)
Creating Nanopatterns from 2D Materials Using Block Copolymers
Dr. Morris’s talk focused on lithography techniques using block copolymer self-assembly. Using
PDMS/PS systems, extremely small domains (~3 nm), and hence, patterns, can be created. This
approach has been used to pattern several semiconductor nanofilms, including Ge, graphene, and
MoS2. This approach has advantages over conventional lithography not only in the small feature
sizes that are possible but also in that fewer steps in the process are needed to achieve the patterning.
Hongzhou Zhang (CRANN)
Modification of 2D Materials by He Ion Beam
Dr. Zhang’s talk focused on a state-of-the-art technique and instrumentation that is available at
Trinity, namely the helium-ion microscope. The He-ion beam is used to pattern few-nanometer (sub10 nm) patterns of graphene, MoS2, and other materials; the technique has the advantage of lower
radiation damage and better fidelity. The microscope can also be used for high-resolution imaging
and interesting experiments such as defect engineering in 2D materials.
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Stefano Sanvito (Director, CRANN and AMBER)
Advanced Modeling on a Flatland
Dr. Sanvito’s talk summarized the activities at CRANN on theory, modeling, and simulation on a
range of materials, including 2D materials. Dr. Sanvito covered several exciting areas such as
spintronics, transport and scanning tunneling microscope (STM) images, kinetic pathways for
reactivity, device simulations, and tunneling junctions. CRANN has a significant effort in materials
design along the lines of the Materials Genome Initiative in the United States. Several material
systems that have been discovered using theory include graphene-related materials and TMDs.
John Boland (CRANN/AMBER)
Connectivity in Nanoscale Materials
Dr. Boland described electrical transport in networked and nanomodular systems. Several devices
using random and periodic networks of nanostructures were conceived at CRANN, and the
importance of connectivity at the junctions has been explored. The resulting transport behavior of
the system strongly depends on this connectivity. In systems where the junction resistance can be
controlled, memristor-like devices could be realized from such networks. Reversibility (of memory)
in these complex systems was also explored.
TRANSLATION
The AMBER-CRANN model that the WTEC study team saw at Trinity is a beautiful example of
how a strong industry-academia relationship can be built and can result in successful translation of
ideas to applications. Both CRANN and AMBER researchers create new knowledge and intellectual
property designed to be transferred directly to industry through staff exchange mechanisms, licensing
agreements, and spin-offs. CRANN has spun off three companies: Cellix, Glantreo, and Miravex.
Twenty percentage of the total funding of the AMBER is mandated to come from industry. Industry
partners—both multinationals and indigenous small- and medium-sized enterprises—work closely
with PIs and students to define projects through mutual consultation. Together, CRANN and
AMBER have well over 100 industry partners and dozens of industry-supported projects. Several of
the ideas and innovations happening at the center are being tried for viability at the industrial scale
and context. This is a model that the United States can emulate.
SOURCES OF SUPPORT
The principal sources of support for AMBER and CRANN are Science Foundation Ireland and
industry. This amounts to approximately 60 million Euros over six years. In addition to this, members
of the two centers receive support from the European Union (e.g., Graphene Flagship and the 7th
Framework Programme), the European Research Council (ERC), and other sources both internal and
external to Ireland. These centers are well funded over the long term and have a unique synergy
between funding from national agencies and the industry sector.
ASSESSMENT
Overall, the WTEC panel’s visit to Trinity College and the CRANN-AMBER programs was very
beneficial because the researchers together presented a notably coherent view of the challenges and
opportunities in building nanomodular systems. Overall the WTEC team found a very strong effort
that has put CRANN at the forefront of nanotechnology research. A large number of PIs with diverse
disciplines are working together to solve important and challenging problems in the area. There is a
strong focus on 2D materials and nanoscale characterization, and there is some pioneering work
being done. The strong industrial component is a unique aspect of the CRANN-AMBER programs.
This model is clearly a winner in terms of translating academic innovations into industrial products
within short timeframes.
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OVERVIEW
A workshop was held for the WTEC study team at University College London (UCL) that included
speakers from UCL and Imperial College London (ICL). This venue was chosen because of the
research being done at UCL and ICL that is complementary to the study’s emphasis on twodimensional materials, and to visit the London Centre for Nanotechnology (LCN). The workshop
was organized by Prof. Jawwad Darr of the UCL Department of Chemistry.
UCL was established in 1826 to open a university education to a broad class of people, a legacy that
includes being the first university in England to admit women on an equal status with men. UCL has
approximately 36,000 students and was recently listed as the top-rated UK university, based on its
overall research strength. ICL is primarily a science-based university with 14,700 students. It has
traditional strengths in science, engineering, medicine, and business, and has been recognized for its
high-impact research. The London Centre for Nanotechnology is a joint venture of UCL and ICL
that brings together key research strengths in their departments of Chemistry, Physics, Materials,
Medicine, Electrical and Electronic Engineering, Mechanical Engineering, Chemical Engineering,
Biochemical Engineering and Earth Sciences. The LCN is jointly administered by UCL and ICL; its
directors are Prof. McMorrow of UCL and Prof. Shaffer of ICL.
FUNCTIONAL FOCUS
The research of the London Centre for Nanotechnology focuses primarily on the application of
nanoscience and nanotechnology to challenges in information technology, healthcare, energy, and
the environment. The LCN facilities include an eight-story building in central London with openaccess cleanrooms, state-of-the-art characterization facilitates, and instrumentation that includes
AFM, STM, TEM, FIB SEM, PPMS, and MPMS. The work of Prof. Jawwad Darr is primarily in
green chemistry that includes high-throughput hydrothermal synthesis of nanoparticles. The work of
the workshop presenters is indicated in their group websites in the speakers’ list of names above and
in their presentation summaries below.
RESEARCH AND DEVELOPMENT ACTIVITIES
Jawwad Darr (UCL Clean Materials Technology Group)
From Nanoparticles to Devices
After welcoming remarks and a brief introduction to the UCL, Prof. Darr discussed work in his
laboratory on hydrothermal nanoparticle synthesis and the applications of the nanoparticles. The
research was motivated by principles of green chemistry (e.g., environment-friendly solvents), an
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ability to scale nanoparticle production to industrial quantities, high-throughput discovery of new
materials, and application of nanoparticles to such areas as energy storage via battery technology and
transparent conducting oxides. Prof. Darr’s synthesis method is based on a continuous hydrothermal
flow in which hot pressurized water is mixed with a soluble metal salt to form a nanoparticle slurry.
The mixing uses a confined jet, whose advantages include rapid mixing and scalability. Prof. Darr’s
laboratory has both laboratory and scale-up apparatus configurations. He outlined the lab’s efforts in
high-throughput materials discovery and production of nanomaterials that takes advantage of their
synthesis method. Production includes sustainable manufacturing of transparent conducting oxide
inks and films, and nanosized vanadium-doped lithium iron phosphate, for battery applications, that
was produced in their pilot-plant apparatus. The ability to produce large quantities of a wide variety
of different types of nanoparticles using green chemistry principles is a powerful combination for
effectively creating nanomodular systems.
Selected Slides (Jawwad Darr)

Figure C.21. University College London’s nanomaterials suite (courtesy of Jawwad Darr).

Figure C.22. Diagram of a high-throughput continuous hydrothermal flow synthesis reactor (Weng et al. 2009).
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Figure C.23. Sustainable manufacturing of transparent conducting oxides (TCOs) (courtesy of Jawwad Darr).

Anthony Kucernak (ICL Energy Futures Laboratory)
Energy Futures Lab, Applications of Nanomaterials
Prof. Kucernak gave an overview of the Imperial College London Energy Futures Laboratory (EFL),
followed by three fairly brief presentations of research results involving (1) structural supercapacitors
and batteries, (2) particle self-assembly for surface-enhanced Raman spectroscopy (SERS), and
(3) hierarchical structures. The EFL is one of several ICL institutes that provide focal points for
interdisciplinary research and interfaces for outside stakeholders including industry and government.
The EFL, supported by both industry (40%) and non-industry (60%) sources, focuses on five themes:
Low Carbon Transport, Clean Fossil Fuels, Sustainable Power, Energy Infrastructure, and
Policy/Innovation; each of these have multiple research topics. The research presented on structural
supercapacitors and batteries described EFL researchers’ efforts to build energy storage capabilities
into structures, hence reducing the amount of parasitic weight that contributes to inefficiencies in
electric vehicles and portable electronics. The SERS part of the presentation described efforts at EFL
to assemble nanoparticles at water–oil interfaces by taking advantage of a reduction in free energy
through phase separation. By controlling nanoparticle density and spacing at the interface, they were
able to demonstrate multiphase analytical detection of trace analytes via SERS. This approach is
efficient, self-healing, and does not require manufacturing. In the presentation on hierarchical
structures, a clever method for energy harvesting was discussed that takes advantage of the motion
of a flexible (or liquid) electrode as an alternative to piezoelectric energy harvesting.
Selected Slides (Anthony Kucernak)

Figure C.24. Potential supercapacitor and structural battery systems (courtesy of Anthony Kucernak).
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Figure C.25. Vision and ambition for energy-efficient, environmentally friendly materials (courtesy of
Anthony Kucernak).

Figure C.26. Technology demonstration of a plenum cover at ICL (courtesy of Anthony Kucernak).

Paul Shearing and Dan Brett (UCL)
The Electrochemical Innovation Lab and Department of Chemical Engineering
The Electrochemical Innovation Laboratory (EIL) is a joint effort involving UCL’s Chemistry,
Mechanical Engineering, and Chemical Engineering Departments. This laboratory, which involves
over 40 researchers, is the UCL arm of several larger multi-institution efforts that include the EU’s
Graphene Flagship. It also acts as an incubator to accelerate technology commercialization, and it
hosts the UCL/Zeiss Centre for Correlative X-ray Microscopy. This center maintains a suite of
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instruments that provide quantitative tomography capabilities at scales that range from millimeters
to nanometers. The remainder of the presentation addressed the application of the tomography
capability to several important energy-related applications, and the engineering of low-cost and bioinspired fuel cells. The former included characterizing structure and transport properties (e.g., redox
flow) in battery components during operation and during deliberate destruction to develop new
technologies and to ascertain failure mechanisms. The bio-inspired fuel cells work is part of a Centre
for Nature-Inspired Engineering program directed by Prof. Coppens at UCL.
Selected Slides (Paul Shearing and Dan Brett)

Figure C.27. Summary of key information about UCL’s Electrochemical Innovation Laboratory.

Figure C.28. UCL/ICL novel low-cost flexi-planar fuel cell (courtesy of Paul Shearing and Dan Brett).
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Figure C.29. Bio-inspired fuel cells work at UCL’s Centre for Nature-Inspired Engineering.

Cyrus Hirjibehedin (UCL, LCN)
Layered Materials Research in the LCN at UCL
After a brief introduction to the LCN, Prof. Hirjibehedin described some of the broad range of
nanomaterials research being carried out at the London Centre for Nanotechnology (LCN). In the
area of graphene and related carbon nanostructures, research accomplishments involve doping,
exfoliation and related properties of graphitic materials. Also discussed were accomplishments in the
quantum engineering of silicon surfaces that include making electrical devices from buried dopants,
and oxide interface physics that include artificially layered functional oxides.
Selected Slides (Cyrus Hirjibehedin)

Figure C.30. Elements of nanomaterials research at the London Centre for Nanotechnology at UCL.
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Figure C.31. Next-generation quantum devices in silicon at the UCL LCN.

Paul Boldrin and Nigel Brandon (ICL)
Nanomaterials and Nanoscale Characterization in Solid Oxide Fuel Cells and Membranes
Professor Boldrin and Professor Brandon described work at ICL focused on approaches to
developing, characterizing, modeling, and measuring the performance of new materials for fuel cell
applications. In the area of scaffold manufacturing, results were shown for structures created from
nanoparticle slurries/inks that were then processed by thermal, chemical, and electrochemical
methods to produced nanoporous electrodeposits. Fuel cell performances were also presented for
these materials in syngas. Work related to nanostructured oxygen separation membranes was also
included, as was battery anode analysis that included tomography. Also mentioned as part of the
work by this group was an effort in multiscale modeling in support of the experiments.
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Selected Slides (Paul Boldrin and Nigel Brandon)

Figure C.32. Battery anode analysis at ICL (courtesy of Paul Boldrin and Nigel Brandon).

Figure C.33. Tomography: 3D reconstruction and quantification at ICL of Ni-infiltrated samples.
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Joshua Edel (ICL and LCN)
LCN at Imperial
Dr. Edel gave a brief general introduction to ICL, followed by an overview of some of the major
efforts relevant to the LCN that are associated with ICL. These efforts include nanoplasmonics,
nanostructured biomaterials, the Centre for Plastic Electronics, and the Thomas Young Centre, also
known as the London Centre for the Theory and Simulation of Materials. The latter is an
interdisciplinary alliance of roughly 90 research groups from ICL and UCL, as well as from King’s
College and Queen Mary University of London, that use theory and modeling to address a variety of
societal and industrial challenges. In addition to serving as a portal for interdisciplinary
collaborations, the Thomas Young Centre promotes meetings, scientific events, and advanced
training. Following the general discussion, Dr. Edel discussed results from his research group
focused on microscale and nanoscale fluidic devices for analytical and bioanalytical applications.
This work includes nanoparticles at liquid–liquid interfaces (including creation of nanoparticle
assemblies), and the use of nanopores for single-molecule sensing via tunneling and optical methods
as well as localized heating.
Selected Slides (Joshua Edel)

Figure C.34. Work of the Thomas Young Centre at the London Centre for Nanotechnology at ICL.
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Figure C.35. Single-molecule sensing at LCN/ICL (courtesy of Joshua Edel).

LABORATORY TOURS
Following the presentations, a subgroup of the panel toured Prof. Darr’s laboratory, which contains
the high-throughput nanoparticle synthesis capabilities, as well as parts of the London Center for
Nanotechnology that included characterization and chemical facilities, the cleanroom, and the
Electrochemical Innovation Laboratory.
TRANSLATION
There were several projects discussed that have direct relevance to prototype and market-ready
products. These projects included structural batteries, flexible harvester battery devices, low-cost
flexi-planar fuel cells, and pilot-plant-scale hydrothermal nanoparticle slurries.
SOURCES OF SUPPORT
The academic institutions and interuniversity research institutes that the WTEC panel visited have a
mix of support that includes industry and UK government support, as well as support from larger
efforts such as the EU Graphene Flagship and the National Centre for Grid Scale Energy Storage
(see http://ucl.ac.uk/mathematical-physical-sciences/news-events/maps-news-publication/maps1322).
Also worthy of note is support from Zeiss in establishing exceptional multiscale tomography
capabilities.
ASSESSMENT
The UCL and ICL, in coordination with LCN, are working across multiple areas that are relevant to
nanomodular systems and that complement research in two-dimensional materials that was
emphasized during visits to other institutions. The UCL/ICL/LCN effort is especially strong in
nanostructured materials and their application to problems in energy storage.
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SELECTED REFERENCES
Paul Boldrin and Nigel Brandon
P. Boldrin, E. Ruiz-Trejo, J. Yu, R. Gruar, C. Tighe, K-C. Chang, J. Ilavsky, J. Darr, N. Brandon. 2015. Nanoparticle
scaffolds for syngas-fed SOFCs, J. Mater. Chem. A 3:3011-3018.
E. Ruiz-Trejo, P. Boldrin, J.L.Medley-Halam, J. Darr, A. Atkinson and Nigel P Brandon. 2015. Partial oxidation of
methane in silver-gadolinia-doped cerium oxide composite membranes. Chem. Eng. Sci. 127:269-275.
P. Boldrin, M. Millan-Agorio, and N. Brandon. 2015. Effect of toluene and sulphur contaminated syngas on SOFC anode
materials. Energy & Fuels 29(1): 442-446.
Boldrin, P., J.R. Gallagher, G.B. Combes, D.I. Enache, D. James, P. R. Ellis, G. Kelly, J.B. Claridge, and
M.J. Rosseinsky. 2015. Proxy-based accelerated discovery of Fischer–Tropsch catalysts. Chem. Sci. 6(2):935–944.
DOI: 10.1039/C4SC02116A.
Boldrin P., M. Millan-Agorio, and N.P. Brandon. 2015. Effect of sulfur- and tar-contaminated syngas on solid oxide fuel
cell anode materials. Energy Fuels 29:442-446. DOI: 10.1021/ef502085q.

Jawwad A. Darr
http://www.ucl.ac.uk/chemistry/staff/academic_pages/jawwad_darr/publications
Goodall, J.B.M., J.A. Darr, S. Kellici, D. Illsley, R. Lines, and J.C. Knowles. 2014. Optical and photocatalytic behaviours
of nanoparticles in the Ti-Zn-O binary system. RSC Advances 4(60):31799-31809. DOI: 10.1039/c3ra48030e.
Lubke, M., I. Johnson, N.M. Makwana, D. Brett, P.,Shearing, Z.I. Liu, and J.A. Darr. 2015. High power TiO2 and high
capacity Sn-doped TiO2 nanomaterial anodes for lithium-ion batteries. J. Power Sources 294, 94-102. DOI:
10.1016/j.jpowsour.2015.06.039.
Weng, X.L., J.K. Cockcroft, G. Hyett, M. Vickers, P. Boldrin, C.C. Tang, S.P. Thompson, J.E. Parker, J.C. Knowles,
I. Rehman, I. Parkin, J.R.G. Evans, and J.A. Darr. 2009. High-throughput continuous hydrothermal synthesis of an
entire nanoceramic phase diagram. J. Comb. Chem. 11(5):829–834. http://pubs.acs.org/doi/abs/10.1021/cc900041a.

Joshua Edel
http://www3.imperial.ac.uk/edelgroup/publications
Crick, C.R., P. Albella, B. Ng, A.P. Ivanov, T. Roschuk, M.P. Cecchini, F. Bresme, S.A. Maier, and J.B. Edel. 2015.
Precise attolitre temperature control of nanopore sensors using a nanoplasmonic bullseye. Nano Lett. 15:553-559.

Cyrus Hirjibehedin
http://www.ucl.ac.uk/hirjibehedin/publications
Sinthiptharakoon, K., S.R. Schofield, V. Studer, Brázdová, C.F. Hirjibehedin, D.R Bowler, and N.J. Curson. 2014.
Investigating individual arsenic dopant atoms in silicon using low-temperature scanning tunnelling microscopy. J.
Phys: Cond. Matter 26: 012001.

Anthony Kucernak
http://www.imperial.ac.uk/people/anthony/publications.html
Greenhalgh, E.S., J. Ankersen. L.E. Asp, A. Bismarck, Q.P.V. Fontana, M. Houlle, G. Kalinka, A. Kucernak, M. Mistry,
S. Nguyen, H. Qian, M.S.P. Shaffer, N. Shirshova, J.H.G. Steinke, and M. Wienrich. 2015. Mechanical, electrical
and microstructural characterisation of multifunctional structural power composites, J. Compos. Mater. 49
(15):1823-1834. DOI: 10.1177/0021998314554125.

Paul Shearing
http://www.ucl.ac.uk/cmr/staffprofiles/PSHEA33
Robinson J.B., L.D. Brown, R. Jervis, O.O. Taiwo, T.M.M. Heenan, J. Millichamp, T.J, Mason, T.P. Neville, R. Clague,
D.S. Eastwood, C. Reinhard,P.D. Lee, D.J.L. Brett, and P.R. Shearing. 2015. Investigating the effect of thermal
gradients on stress in solid oxide fuel cell anodes using combined synchrotron radiation and thermal imaging, J.
Power Sources 266:473-481. DOI: 10.1016/j.jpowsour.2015.04.104.

The following links provide additional information regarding nanoscience and technology efforts discussed
during the workshop:
ICL Energy Futures Laboratory: http://www.imperial.ac.uk/energy-futures-lab/
London Centre for Nanotechnology: http://www.london-nano.com
Thomas Young Centre (London Centre for the Theory and Simulation of Materials): http://www.thomasyoungcentre.org
UCL Institute for Materials Discovery: http://www.ucl.ac.uk/institute-for-materials-discovery
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University of Manchester
Site Address:

Graphene Research Lab
Sackville Street Building
Sackville Street
Manchester M13 9PL, UK
http://www.manchester.ac.uk/
http://graphene.manchester.ac.uk

Date Visited:

April 30, 2015

WTEC Attendees:

Don Brenner (report author),
Pulickel Ajayan, Kaustav Banerjee, Ahmed Busnaina, Patricia Foland (WTEC)

Hosts:

Prof. Kostya Novoselov, FRS
Professor in Physics, School of Physics and Astronomy,
Condensed Matter Physics Group, University of Manchester
Scientific Advisor, National Univ. Singapore Centre for Advanced 2D Materials
http://www.condmat.physics.manchester.ac.uk/people/academic/novoselov/
Konstantin.Novoselov@manchester.ac.uk

Aerial view of part of U. Manchester’s science campus.

Ivan Buckley
Project Manager, National Graphene Institute
University of Manchester
ivan.buckley@manchester.ac.uk
+44 (0) 161 275 2441
James H. Baker
Business Director, National Graphene Institute
James.baker-2@manchester.ac.uk
+44 (0) 161 306 2360
Other Participants:

Brian C. Holloway, PhD
Associate Director, ONR Global
Brian.c.holloway6.civ@mail.mil
+1 571 482 0941

OVERVIEW
Since 2010, the University of Manchester (established 1824) has called itself “The Home of
Graphene,” after two of its researchers, Professors Andre Geim and Kostya Novoselov, won the
Nobel Prize in Physics for their groundbreaking work to successfully extract one-atom-thick, twodimensional graphene from graphite and their continuing work to document graphene’s exceptional
properties. (Both professors are Fellows of the Royal Society, the UK’s national academy of science,
and have been knighted by Queen Elizabeth II.) As a whole, the university is dedicated to excellence
in research and teaching in science, with a strong interdisciplinary focus, as shown by its creation of
the University of Manchester Research Institute, which is focused on exploration of cross-cutting
science research themes and cross-sector partnerships. From Summer 2014–Summer 2016, when it
hosts Europe’s prestigious EuroScience Open Forum conference, the city of Manchester is Europe’s
official “City of Science.”
The WTEC study team visited the University of Manchester’s Graphene Research Lab, now part of
a dedicated National Graphene Institute (NGI). In 2014, work also began at Manchester on its
Graphene Engineering Innovation Centre (GEIC). Together, NGI and GEIC are envisioned to be the
cornerstone of a major commercial redevelopment known as “Graphene City”. The University of
Manchester’s research team in graphene and other 2D materials comprises over 200 researchers, a
number of them from industry and overseas academic institutions.
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FUNCTIONAL FOCUS
Research at the Graphene Research Lab focuses on both the basic science and applications of
graphene and related materials across a wide spectrum of technologies and phenomena. There are
currently eight research groups in six schools—the Schools of Physics and Astronomy, Computer
Science, Chemistry, Materials, and Electrical and Electronic Engineering, and the Faculty of Medical
and Human Sciences—that are doing graphene-related research that spans areas that include from
fundamental theory and simulation, composites and fibers with advanced mechanical properties and
environmental performance, materials for energy storage, devices for communication and sensing
technologies, and advanced therapeutics for medical applications.
RESEARCH & DEVELOPMENT ACTIVITIES
The Graphene Research Lab works on 2D materials broadly, but it focuses on isolating, visualizing,
characterizing, and exploring applications of graphene. Its production methods include chemical
vapor deposition, mechanical exfoliation, liquid exfoliation, and electrochemical exfoliation for
producing flakes, sheets, or solutions, each form lending itself to unique research and applications.
TRANSLATION
The University of Manchester’s new GEIC is designed to be an international research and technology
facility for industry-led development in graphene applications through partnerships with academics,
focused on pilot production and characterization of materials for composites, coatings, energy,
electronics, and membranes. The “Graphene City” vision will expand the applications work to the
broader community.
SOURCES OF SUPPORT
The University of Manchester, the European Union, and 40 industrial partners have more than £170
million (~US$266 million) of current investment in graphene and 2D materials R&D, including
£120 million (~US$188 million) of capital funding for establishment of the National Graphene
Institute (NGI) and the Graphene Engineering Innovation Centre. The European Commission’s
“Graphene Flagship” program, which helps to fund Manchester’s graphene efforts (among others),
is the EC’s largest-ever research initiative.
ASSESSMENT
Despite huge investments in graphene and other two-dimensional materials research at competing
institutions world-wide, the University of Manchester remains the most influential and one of the
most productive two-dimensional materials efforts in the world. Investments by the university,
government and industry at Manchester are intended to ensure that this effort remains at the forefront
of both fundamental research and industrial applications of graphene and related two-dimensional
materials.
SELECTED REFERENCES
Joshi, R.K., P. Carbone, F.C. Wang, V.G. Kravets, Y. Su, I.V. Grigorieva, H.A. Wu, A.K. Geim, and R.R. Nair. 2014.
Precise and ultrafast molecular sieving through graphene oxide membranes. Science 343(6172): 752–754.
DOI: 10.1126/science.1245711.
Ott, A., I.A. Verzhbitskiy, J. Clough, A. Eckmann, G. Thanasis, and C. Casiraghi. 2014. Tunable D peak in gated
graphene. Nano Research 7(3):338–344. DOI: 10.1007/s12274-013-0399-2.
Thackray, B. V.G. Kravets, F. Schedin, R. Jalil, and A.N. Grigorenko. 2013. Resistive coupling of localized plasmon
resonances in metallic nanostripes through a graphene layer. J. Opt. 15(11):4002. DOI: 10.1088/20408978/15/11/114002.
Withers, F., O. Del Pozo-Zamudio, A. Mishchenko, A.P. Rooney, A. Gholinia, K. Watanabe, T. Taniguchi, S.J. Haigh,
A.K. Geim, A.I. Tartakovskii, and K.S. Novoselov. 2015. Light-emitting diodes by band-structure engineering in
van der Waals heterostructures. Nat.Mater. 14: 301–306. DOI: 10.1038/nmat4205.
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BIBLIOMETRIC STUDY TO ASSIST THE WTEC NMSD PANEL
Grant Lewison, Evalumetrics, Ltd.

SUMMARY
This report describes an analysis of the main institutions contributing to "nanomodular materials and
systems by design" (abbreviated to "nanotech research") in the five years 2009–2013, as shown by
their papers in the Web of Science (WoS). The papers were identified by means of a filter containing
three lists of title words, each of which had to be represented in a paper's title for it to be retained for
analysis. A sample of 300 papers was "marked" by two people knowledgeable in the field; each gave
the filter a precision of approximately 0.68.
The main finding of the analysis was that the field is dominated by the output of China and other
East Asian countries. The United States, which in most scientific fields is dominant, was second in
terms of output on a fractional count basis, but its volume of papers was less than a third that of China,
and only slightly ahead of that of South Korea. European countries produced relatively few papers:
the top five combined (Germany, France, Italy, the UK, Spain) only published 7% of the world total.
Three-year citation counts for papers from 2009–2012 showed that papers from Singapore and
Australia were the most cited, with a mean count of 30 cites per paper. Those from Germany, the
United States, and China averaged 20 cites per paper, but most other leading countries, those in both
East Asia and Europe, only averaged about 10 cites per paper.
Lists of the leading research institutions in nanotech research were tabulated, as were the leading
cities in terms of numbers of papers. In East Asia, the main cities were Beijing (378 papers), Shanghai
(213 papers), Seoul (163 papers), Singapore (159 papers), and Nanjing (136 papers). By contrast, the
European cities had far smaller outputs. The leaders were the Paris region (including suburbs) with
20 papers and Mainz in Germany with 17.
INTRODUCTION
Origins of the Study
This study originated with a telephone call from Dr. Duane Shelton of WTEC, Inc., to Dr. Grant
Lewison of Evalumetrics, Ltd., on 29 September 2014. Dr. Shelton requested a bibliometric study to
inform an evaluation panel that had been set up on behalf of the U.S. National Science Foundation
to investigate the state of the art in nanomodular materials and systems by design. This panel was
planning to visit laboratories in Europe and in East Asia in the spring of 2015. The study was to guide
the panel in their choice of labs to visit, and also to assess the relative standing of countries in Europe
and in East Asia compared with the United States and Canada. The scope of the project was to
consider the science at the intersection of three areas:
1. Novel two-dimensional materials such as graphene.
2. Design, fabrication, and assembly of these materials into larger devices.
3. The devices to be created, such as solar cells, transistors, and storage media or novel batteries.
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Data to be Presented
It was agreed that the study would be based on the papers (articles only) identified within the Web
of Science for 2009–2013 by means of a filter, to be defined, and based initially on the publications
of the members of the evaluation panel. The following data would be presented:

•
•
•
•

Numbers of papers from the leading countries in Europe and East Asia in the 5-year period,
based on both integer and fractional counts (based on addresses)
Citation scores of papers from the leading countries, based on a fixed time window and on
fractional address counts
The leading cities and research institutions in the selected countries in terms of numbers of
papers (integer counts)
The leading individual authors with their postal addresses and e-mail addresses

METHODOLOGY
Development of a Subject-Area Filter
We first identified the papers published in the last five years by the nominated members of the WTEC
evaluation panel. However, only a fraction of the papers by the panel chairman, Professor Pulickel
Ajayan of Rice University, Houston TX, were taken because they were so numerous and would have
swamped the outputs of the five other panelists and thus distorted the filter. Inspection of the titles
revealed that there appeared to be four types of words: (1) main materials (such as graphene), (2)
additional materials (such as molybdenum disulfide, MoS2), (3) fabrication methods (such as directed
assembly, CVD), and (4) applications (such as transistors, batteries). The first filter (NAMSD: NAno
Materials and Systems by Design) consisted of "main materials" title words (or nano-journals) plus
title words from two of the other three lists. A sample of the output was "marked" by Dr. Shelton and
gave a precision of only 0.28, largely because the filter covered the simple production of
nanomaterials, and the applications included many types of sensors.
The second version of the filter attempted to correct this and also omitted the list of nano-journals;
this obtained a precision of 0.42 from Dr. Shelton's markings. A third version was then prepared,
taking account of additional two-dimensional materials, such as germanene, phosphorene, and
silicene, and applications to the creation of anodes, cathodes and diodes, and optoelectronics. This
fared much better, and achieved a precision of 0.69, which was considered acceptable, and unlikely
to be substantially improved in the absence of the detailed guidance of an expert in the field.
The estimate of the filter's precision was confirmed by an independent marking of the sample of 300
papers by Dr. Michael Stopa, an expert in nanotechnology, who directed the National
Nanotechnology Infrastructure Network Communication Project while at Harvard University from
2004–2014. This gave a precision of 0.68. It was found not possible to readily to distinguish between
the titles of "relevant" and "nonrelevant" papers, so, with the agreement of Dr. Shelton, the third
version of the filter was accepted for use in the bibliometric study.
Although the second and third versions of the filter identified many fewer papers in the WoS than
the first, all three versions concurred in showing that

•
•

The field was expanding very rapidly (doubling in output every two years).
China and other East Asian countries were dominant compared with Europe.

Chinese output was more than twice as large as that of the United States. It thus appeared that,
although the different versions of the filter lacked precision, the results of the bibliometric analysis
would be robust in terms of their identification of appropriate labs for the panel to visit in 2015.
The analyses of country outputs (and also of citation scores) were determined on the basis of both
integer and fractional counts of countries represented in the address field. For example, a paper with
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two Chinese and one U.S. address would be counted as unity for both CN and US on an integer count
basis, but 0.67 for CN and 0.33 for US on a fractional count basis. The latter gives a fairer impression
of a country's actual production.
Citation Analysis
It is essential that a fixed time window be used in order to compare papers on a fair basis; however,
the use of our normal five-year window would only provide an indicator for publication year 2009.
We decided instead to use a three-year window, beginning with the year of publication. This meant
that citation scores (actual citation impact, ACI) were available for papers published in the three
years, 2009–2011. Citation data were also calculated for publication year 2012 by comparison of the
mean citation scores in a three-year window and a two-year window for the three previous years: the
ratio was 2.28 in 2009, 2.24 in 2010, and 2.22 in 2011. (This small decline indicates that citations
are becoming more immediate in more recent years.) A value of 2.20 was taken for 2012 publications,
and their two-year citation scores increased by this multiplier to give estimated three-year citation
scores that could be compared with those for the three previous years. See Figure D.1.
25
ACI 3 yr

Mean cites per paper

20

ACI 2 yr

15
10
5
0
2009

2010

2011

2012

Publication year
Figure D.1. Mean actual citation scores (ACI) for NAMSD papers in four publication years. Red striped bar
for 2012 is estimated based on two-year citation score.

Although it appears that mean ACI values have been increasing steadily, there was a slight reduction
in 2011. This appears to have been a small random fluctuation: the numbers of papers in the four
years with more than 100 cites in the three years post-publication were 2, 10, 8, and 18 (the latter
figure is estimated).
Analysis of Leading Cities, Institutions, and Authors
Because most papers have more than one address, and some come from different departments within
the same institution, it is necessary first to list all the individual addresses (of which the institution is
the first element) in descending order of frequency of occurrence, and then count the numbers of
papers that contain the city name, or the institution, in their address field. (The ranking will not
necessarily be the same.)
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Outputs of Papers from Leading Countries
In the five years 2009–2013, we found a total of 3381 articles. The numbers of papers from the 20
leading countries, based both on integer and on fractional counts, are shown in Table D.1.
Table D.1. Outputs of nanotech articles in the WoS, 2009–2013:
Numbers and percentages of the world on integer and fractional counts
Country

ISO*

Integer

Fractional

N

%

N

%

China

CN

1544

45.7

1402.0

41.5

USA

US

510

15.1

406.6

12.0

Korea (S)

KR

382

11.3

339.1

10.0

Taiwan

TW

158

4.7

143.7

4.3

Japan

JP

167

4.9

139.6

4.1

India

IN

159

4.7

138.0

4.1

Iran

IR

129

3.8

117.3

3.5

Singapore

SG

159

4.7

112.1

3.3

Germany

DE

108

3.2

76.2

2.3

Australia

AU

85

2.5

54.9

1.6

France

FR

71

2.1

47.9

1.4

Canada

CA

59

1.7

46.0

1.4

Italy

IT

55

1.6

43.6

1.3

UK

UK

54

1.6

35.7

1.1

Spain

ES

44

1.3

34.6

1.0

Malaysia

MY

38

1.1

27.2

0.8

Saudi Arabia

SA

40

1.2

25.3

0.7

Turkey

TR

17

0.5

13.8

0.4

Belgium

BE

15

0.4

10.9

0.3

Switzerland

CH

19

0.6

10.2

0.3

* Country codes as defined in ISO 3166

This table shows that China dominates the field in terms of its output on both an integer and a
fractional count basis. The U.S. output is one-third that of China on both an integer and a fractional
count basis. Apart from the United States, the first eight places in terms of output are all occupied by
Asian countries. A striking result is that Singapore, with a population of less than 5 million, has a
substantially greater output than Germany (the leading European country) with a population of over
80 million.
The results are shown graphically as a chart in Figure D.2. The ordinates are plotted to a log scale so
that they can be compared easily, and the bars are colored to denote the continent. This figure shows
the dominant position of Asian countries (yellow bars).
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Papers in 2009-13
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Figure D.2. Outputs of 15 leading countries in nanotech research, 2009–2013, fractional counts.
Yellow bars = Asian countries; red bars = North American countries;
blue bars = European countries; green bar = Australia.

Some countries' output has grown faster than others, and Figure D.3 shows the ratio of the outputs
in 2013 to those in 2009. India's output has grown the fastest, from 5 to 62 papers.

Output ratio, 2013 to 2009

15

10

5
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IN

ES CN IR

KR UK CA SG AU

JP

US DE FR

IT TW

Figure D.3. Ratio of nanotech research outputs in 2013 to those in 2009, fractional counts.

Measures of Impact: Mean Citation Scores and Presence in Top 5%
Figure D.4 shows the mean citation scores with a three-year window for papers from the top 15
countries in terms of output. Singapore and Australia have the highest scores, followed by Germany,
the United States, and China. The large Chinese volume of papers is clearly having an impact among
researchers, far higher than the relatively modest performance of Japan.
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Figure D.4. Mean three-year citation score for nanotech research papers, 2009–2012. Values for 2012
papers are estimated from their two-year citation scores.

But are these citations to Chinese papers coming mainly from other Chinese authors? If they are,
then this would suggest that they are not having as great an international impact as the mean citation
score (almost 20 cites per paper, almost as high as that obtained by the United States) would indicate.
Table D.2 shows the situation.
Table D.2. Chinese authors' citations to Chinese nanotech papers from 2009–2011,
and comparison with Chinese presence, integer counts
Year

World

CN

CN, %

Cites to
date

CN cites

CN
cites, %

Ratio
to % CN

2009

306

99

32.4

3774

2180

57.8

1.79

2010

396

134

33.8

5663

3579

63.2

1.87

2011

603

240

39.8

6317

4204

66.6

1.67

62.5

1.78

Mean

35.3

So some 62% of the citations to Chinese papers come from Chinese researchers, and the percentage
is increasing with time, but the ratio to the Chinese percentage presence in nanotech research is static
or declining. It is usual for a country's papers to be over-cited by its own authors, and the over-citing
ratio varies with country output; smaller countries over-cite their own papers more than larger ones
do; see Figure D.5.
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Figure D.5. Over-citation of countries' nanotech research papers by own country, 2009–2011. (For country
codes, see Table D.1.)

So according to this graph, the Chinese papers are somewhat more over-cited by Chinese authors
than the trend-line (the best fit is a logarithmic formula) would suggest, but not greatly so. Australian
and Singaporean papers are rather less self-over-cited than expected, but Iranian ones much more so.
Indeed, whereas all other country papers received most citations from Chinese authors, Iranian papers
received most citations from Iranian ones. This indicates that its science is relatively ignored by other
countries, perhaps because of its diplomatic isolation.
The presence of the top 15 countries among the addresses on papers receiving enough citations to
put them in the top 5% of the world (61 cites in three years post-publication) is shown in Table D.3.
Singapore and Germany are the only countries with a world-scale value exceeding 200, i.e., having
twice the average value of 5%, confirming the results shown in Figure D.4. Three countries (Japan,
Iran, and the UK) have world-scale values of zero, meaning that none of their papers received as
many as 61 citations.
Table D.3. Determination of world-scale (WS) values, citations of 2009–2012 papers cited for 3 years

World scale is 100 x ratio of percent of a country's papers in specified top centile (here 5%) to
its percentage presence. Fractional counts. Cell coloring: WS > 200 bright green; WS > 141
pale green; WS < 71 pale yellow; WS < 50 pink
Country

Papers

Top 5%

%

World

2161

107

5.0

WS

Country

Papers

100

SG

81.9

6.1

122

DE

22.40

7.4

149

Top 5%

%

WS

13.20

16.1

326

56

6.75

12.1

243

AU

34.2

3.08

9.0

182

CN

814

US

303.5

KR

215

6.16

2.9

58

FR

36.7

0.25

0.7

14

TW

112.6

2.33

2.1

42

CA

28.7

0.50

1.7

35

JP

101.8

0

0.0

0

IT

34.4

0.50

1.5

29

IN

76

1

1.3

27

UK

20.4

0

0.0

0

IR

67.8

0

0.0

0

ES

19.65

1

5.1

103
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Leading Asian and Australian Institutions and Cities in Nanotech Research
There were 1747 different institutions listed in the Web of Science as having participated in this
branch of nanotech research, of which 965 appeared only once. Of the leading 40 (in terms of
numbers of papers on an integer count basis), China dominated with 21 institutions, followed by
South Korea with 6 and Taiwan with 4. The list of the top 37 is in Table D.4 (next page).
Table D.5 lists the cities in Asia and Australia with at least 40 nanotech papers in the five-year period
2009–2013. Wollongong is close to Sydney, and the two cities have been treated as one for this
purpose.
Table D.5. List of leading Asian and Australian nanotech research cities, 2009–2013,
with numbers of papers
Country

City

Papers

Country

City

Papers

CN

Beijing

378

CN

Guangzhou

65

CN

Shanghai

213

TW

Taipei

65

KR

Seoul

163

CN

Harbin

64

SG

Singapore

159

KR

Suwon

59

CN

Nanjing

136

CN

Changsha

57

CN

Changchun

95

TW

Hsinchu

57

CN

Hangzhou

90

AU

Wollongong/Sydney

51

KR

Taejon

80

CN

Tianjin

50

CN

Wuhan

77

CN

Xian

50

IR

Tehran

67

CN

Hong‐Kong

47

CN

Lanzhou

67

CN

Suzhou

46

CN

Hefei

66

JP

Tokyo

42

Leading European Institutions and Cities in Nanotech Research
The list of leading European institutions in nanotech research is in Table D.6. However, because
many of the institutions have minor variants of their addresses, it was not possible to count the
numbers of papers, so this table lists the European institutions ordered by the numbers of addresses,
and the leading one in each city. The numbers of papers are, of course, much smaller than the
numbers in Table D.4.
The panel may wish to visit some of the European centers of nanotech research, even though the
outputs are much smaller than those of East Asian countries and cities. To this end, Table D.7 has
been prepared, listing the major cities in Europe with their numbers of papers in 2009–2013. (Note
that the totals for Paris and for Barcelona include papers from institutions linked to these two cities
but located in suburbs—Chatenay-Malabry, Gif-sur-Yvette, Orsay, Palaiseau, Thiais, and Versailles
for Paris, and Bellaterra for Barcelona.) This might involve extensive travel within the cities to
different labs, unless representatives were all to gather in one central place.
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Table D.4. Leading institutions in Asia and Australia in nanotech research output, 2009–2013
Institution

N papers

Country

City

Chinese Acad Sci

279

CN

Various, led by Beijing

Nanyang Technol Univ

113

SG

Singapore

Nanjing Univ

103

CN

Nanjing

Tsinghua Univ

75

CN

Beijing

Zhejiang Univ

74

CN

Hangzhou

Peking Univ

49

CN

Beijing

Indian Inst Technol

49

IN

Various, led by Chennai/Madras

Natl Univ Singapore

47

SG

Singapore

Seoul Natl Univ

44

KR

Seoul

Fudan Univ

43

CN

Shanghai

Univ Sci & Technol China

40

CN

Hefei

Shanghai Jiao Tong Univ

40

CN

Shanghai

Korea Adv Inst Sci & Technol

39

KR

Taejon

Jilin Univ

37

CN

Changchun

Beijing Univ Chem Technol

37

CN

Beijing

Sungkyunkwan Univ

36

KR

Suwon

Univ Wollongong

35

AU

Wollongong, NSW

Lanzhou Univ

35

CN

Lanzhou

Korea Univ

33

KR

Seoul

Hanyang Univ

32

KR

Seoul

Tianjin Univ

30

CN

Tianjin

Islamic Azad Univ

30

IR

Various

National Tsing Hua Univ

30

TW

Hsinchu

Harbin Engn Univ

29

CN

Harbin

Tongji Univ

29

CN

Shanghai

Hunan Univ

28

CN

Changsha

National Taiwan Univ

28

TW

Taipei

Cent S Univ

28

CN

Changsha

Sun Yat Sen Univ

28

CN

Guangzhou

E China Univ Sci & Technol

28

CN

Shanghai

Harbin Inst Technol

27

CN

Harbin

National Cheng Kung Univ

26

TW

Tainan

Soochow Univ

26

CN

Suzhou

City Univ Hong Kong

24

CN

Hong Kong

Chonbuk Natl Univ

22

KR

Jeonju

King Abdulaziz Univ

22

SA

Jeddah

National Chiao Tung Univ

22

TW

Hsinchu
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Table D.6. List of leading European nanotech research institutions, 2009–2013,
ranked by numbers of addresses (there can be several similar addresses on one paper)
ISO

City

Institution

N addr

DE

Mainz

Max‐Planck‐Inst‐Polymer‐Res, D‐55128 Mainz

17

DE

Karlsruhe

Karlsruhe‐Inst‐Technol, Inst Nanotechnol, D‐76021 Karlsruhe

15

DE

Darmstadt

Tech‐Univ‐Darmstadt, Inst Semicond Technol & Nanoelect, D‐64289 Darmstadt

12

FR

Toulouse

Univ‐Toulouse, UPS, INP, Inst Carnot Cirimat, F‐31062 Toulouse 9

11

FR

Grenoble

CEA, LETI, Minatec, F‐38054 Grenoble

10

UK

London

UCL, London Ctr Nanotechnol, London WC1H‐0AH (incl. Imperial College units)

9

ES

Madrid

Univ‐Computense‐Madrid, Fac Chem, Dept Analyt Chem, E‐28040 Madrid

6

DE

Dresden

Tech‐Univ‐Dresden, Inst Mat Sci, D‐01069 Dresden

6

UK

Cambridge

Univ‐Cambridge, Dept Engn, Cambridge CB3‐0FA

6

ES

Barcelona

Univ‐Autonoma‐Barcelona, Dept Engn Elect, Escola Engn, Bellaterra 08193

5

FR

Paris

Ecole‐Cent‐Paris, Lab Mss Mat, CNRS, UMR 8579, F‐92295 Chatenay‐Malabry

4

DE

Berlin

Helmholtz‐Zentrum‐Berlin‐Mat‐&‐Energie‐Gmbh, Solar Energy Div, D‐14109 Berlin

4

Table D.7. List of leading European nanotech research cities, 2009–2013, with numbers of papers
ISO

City

Papers

ISO

City

Papers

ISO

City

Papers

FR

Paris

20

ES

Madrid

12

UK

Manchester

8

DE

Mainz

17

DE

Dresden

11

FR

Toulouse

8

DE

Berlin

12

ES

Barcelona

10

IT

Genoa

6

UK

Cambridge

12

DE

Karlsruhe

10

UK

London

6

FR

Grenoble

12

DE

Darmstadt

9

UK

Oxford

6
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APPENDIX E: LIST OF ACRONYMS
0D, 1D, 2D, 3D

zero-, one-, two-, three-dimensional

AFM

atomic force
microscope/microscopy

AIST

National Institute of Advanced
Industrial Science and
Technology (Japan)

ALD

atomic layer deposition

AMBER

Center for Advanced Materials
and BioEngineering Research
(academia–industry partnership,
Trinity College, Dublin)

DNA

deoxyribonucleic acid
(hereditary material in most
living organisms)

DOE

Department of Energy

DSA

directed self-assembly

EFL

Energy Futures Laboratory
(Imperial College London)

EFRI

Emerging Frontiers in Research
and Innovation (NSF Office)

EMAT

Electron Microscopy for
Materials Science (University of
Antwerp)

AuNWA

gold nanowire array

BCP

block copolymer

EPD

electrophoretic deposition

BN

boron nitride

EPFL

BNL

Brookhaven National Laboratory

École polytechnique fédérale de
Lausanne (France)

CAS

Chinese Academy of Sciences

EU

European Union

CASL

Consortium for the Advanced
Simulation of Light Water
Reactors (DOE)

FAD

flavin adenine dinucleotide

FET

field-effect transistor

FIB

focused ion beam

GB

grain boundary

hBN

hexagonal boron nitride

ICL

Imperial College London

ICT

information and communication
technologies

Center for Hierarchical
Nanomanufacturing (University
of Massachusetts Amherst)

IP

intellectual property

IPA

isopropyl alcohol

Center for High-rate
Nanomanufacturing,
Northeastern University

IR

infrared

ITO

indium-tin-oxide

JAIST

Japan Advanced Institute of
Science and Technology

JSPS

Japan Society for the Promotion
of Science

JST

Japan Science & Technology
Agency

KAIST

Korea Advanced Institute of
Science and Technology, known
simply as KAIST

KIST

Korea Institute of Science and
Technology

KU Leuven

Catholic University Leuven
(Belgium)

CBRAM

conductive bridging randomaccess memory

CEA-LETI

Laboratory for Electronics and
Information Technologies (in
France’s national research
organization)

CHM

CHN

CMOS

complementary metal oxide
semiconductor

CNT

carbon nanotube

CRANN

Centre for Research on Adaptive
Nanostructures and Nanodevices
(Trinity College Dublin)

CREST

Core Research for Evolutionary
Science and Technology (Japan,
JST)

CVD

chemical vapor deposition

CVD

chemical vapor deposition

DEP

dielectrophoresis,
dielectrophoretic
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Laboratory of Nanoscale
Electronics and Structures
(EPFL, Switzerland)
London Centre for
Nanotechnology (UCL)

LED

light-emitting diode

LEED

low energy electron diffraction

LOC

Lab on chip

MANA

International Center for Material
Nanoarchitectonics (Japan, NIMS)

MAPP

Model and Application
Prototyping Platform (NEEDS)

MBE

molecular beam epitaxy

MEMS

microelectromechanical systems

METI

Ministry of Economy, Trade and
Industry (Japan)

MEXT

Ministry of Education, Culture,
Sports, Science and Technology
(Japan)

PC

polycarbonate

PCA

principal component analysis

PCM

phase-change memory

PDMS

polydimethylsiloxane

PERC

Printable Electronics Research
Center (PRC, SINANO/CAS)

PMMA

poly(methyl methacrylate)

POSTECH

Pohang University of Science
and Technology

PPMS

physical property measurement
system

PRC

Peoples’ Republic of China

PRESTO

Precursory Research for
Embryonic S&T (Japan, JST)

PS

polystyrene

PSI

Post-Silicon Semiconductor
Institute (Korea, KIST)

QD

quantum dot

RFID

radio frequency identification

MINATEC

Micro and Nanotechnologies
Innovation Campus (France)

SEM

MOSFET

metal oxide semiconductor fieldeffect transistor

scanning electron
microscope/microscopy

SERS

MPMS

magnetic property measurement
system

surface-enhanced Raman
spectroscopy

SIMIT

Nanoscale Offset printing system
(at CHN)

Shanghai Institute of
Microsystem and Information
Technology (PRC/CAS)

SINANO

Nano-Engineered Electronic
Device Simulation Node (NSF)

Suzhou Institute of Nano-Tech
and Nano-Bionics (PRC, CAS)

SKKU

Sungkyunkwan University (Korea)

NEMS

nanoelectromechanical system(s)

SQUID

NGI

National Graphene Institute
(University of Manchester)

Superconducting QUantum
Interference Device

STM

Scanning tunneling
microscope/microscopy

MWCNT/MWNT multiwalled (carbon) nanotube
NanoOPS
NEEDS

NIH

National Institutes of Health

NIL

network interface layer

NIMS

National Institute for Materials
Science (Japan)

NMSD

nanostructured materials and
systems by design

NP

nanoparticle

NSF

SWCNT/SWNT single-walled [carbon] nanotube
Also, metallic (m-) and
semiconducting (s-) SWCNT
TEM

transmission electron
microscope/microscopy

TIA-nano

Tsukuba Innovation Arena for
Nanotechnology (Japan/AIST)

U.S. National Science Foundation

TMD

transition metal dichalcogenide

NTU

Nanyang Technical University
(Singapore)

UCL

University College London

UK

United Kingdom (Great Britain)

NUS

National University of Singapore

WoS

Web of Science

OLED

organic light-emitting diode

WTEC

ONR

Office of Naval Research (U.S.)

World Technology Evaluation
Center

World Technology Evaluation Center, Inc.
1653 Lititz Pike,

#417

Lancaster, PA

