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Summary

This meeting, which focused on the nanotechnology activities in the Materials Science Department of the University of Cambridge, was the first in a series of four one-day workshops being held at universities in the United Kingdom (UK) active in nanomaterials research.  Representatives from industry and academia participated in the workshop either through podium presentations or with posters to display their work.  In all, 78 people participated, 75% of which were from UK universities.  There were 8 speakers who covered nanotechnology for applications in areas ranging from metallurgy to biomaterials.  The speakers and the titles of their talks are listed below:

· Professor Mark Welland:  Nanotechnology and the Cambridge IRC
· Dr. Martin James:  Developments in Hardmetals  
· Dr. William Clegg:  Nanoindentation Behaviour of TiN/NbN Multilayers
· Professor Lindsay Greer:  Nanocomposite Alloys and Cermets
· Professor Colin Humphreys:  Nanostructures -- From Manipulating Single DNA Molecules to Quantum Clusters in Semiconductors

· Professor Bill Bonfield:  Nanostructures in Biomaterials
· Dr. Paul Midgley:  Advanced Electron Microscopy Techniques for Characterisation of Nanomaterials
· Dr. Milo Shaffer:  Carbon Nanotube Polymer Composites
Brief descriptions of these presentations are given below.  This workshop provided an excellent overview of the ongoing nanomaterials research at Cambridge.   
Introduction

The Nanomaterials and Nanotechnology Committee of the Institute of Materials, chaired by Professor George Smith (Chairman, Department of Materials Science, University of Oxford), is tasked to disseminate information on science and technology concerned with nanomaterials and nanodevices.  Towards this end, a series of one-day workshops is being held at universities in the UK active in nanomaterials research.  This meeting was the first in a series of four such meetings to be held roughly every 6 months.  The University of Oxford, Cranfield University and the University of Birmingham will host the remaining meetings.

This meeting concentrated on the ongoing nanomaterials research in the Materials Science Department at the University of Cambridge, but also included other nanotechnology research being carried out in the University and by local industry.  The focus was on a wide range of materials containing nanostructured phases.  The choice of topics was intended to highlight new issues arising at the nanoscale and to stimulate interaction between different branches of materials science. 

Representatives from industry and academia were invited to participate in the workshop and to bring posters to display their work.  In all 78 people attended, with roughly 75% from universities in the UK.  The remaining 25% were evenly split between other research establishments in the UK and local industry.

Technical 

1)
Nanotechnology and the Cambridge IRC
Professor Mark Welland

Department of Engineering

University of Cambridge
One of the two new UK Interdisciplinary Research Centers (IRCs) in Nanotechnology was recently awarded to the University of Cambridge in collaboration with University College London and the University of Bristol.  Professor Mark Welland, Head of the Nanoscale Science Laboratory in the Department of Engineering, has been named Director of the new Center.  During his presentation Professor Welland described the background of the IRC and how it will operate.  The Cambridge IRC will bring together elements of nanomaterials research from the Department of Engineering and the Department of Physics, and will provide a focus for related activities in the Chemistry, Materials Science and the life sciences departments.  The IRC, which is to be housed in a new building near the Cavendish Laboratory, has already attracted research funding of £9 million from three of the UK's Science Research Councils, viz., the Engineering and Physical Sciences Research Council, the Biotechnology and Biological Sciences Research Council and the Medical Research Council, as well as from the Ministry of Defence.  The Center will employ seven principal investigators: Professor Mark Welland (Cambridge, Engineering); Professor Richard Friend (Cambridge, Physics); Dr. Mark Blamire (Cambridge, Materials Science); Professor Chris Dobson (Cambridge, Chemistry); Professor Mervyn Miles (Bristol, Physics); Dr. Andrew Fisher (UCL, Physics); and Professor Michael Horton (UCL, Medicine).  In addition, roughly 30 academic staff will also participate.  The four main themes of the Cambridge IRC are nanofabrication, interfaces, directed growth/assembly and architectures/devices.  Research projects will be one of two types:  Core Projects will make up about 30% of the total, will last up to 6 years and will focus on nanofabrication, materials characterization, smart bio-materials and computational methods.  The remaining 70% of the projects are expected to be more exploratory in nature.

References:

http://www-g.eng.cam.ac.uk/nano/news_irc.htm
2)
Developments in Hardmetals

Dr. Martin James

Sandvik Hard Materials, Ltd.
Sandvik Hard Materials, Ltd. (SHM) is part of the Sandvik Group, a Swedish high technology company with 35,000 employees, offices in over 130 countries and annual sales of approximately SEK 50 billion.  SHM itself has 1430 employees in 50 countries with annual sales of SEK 1.8 billion.  They are world leaders in cemented-carbide and high-speed steel tools for metalworking applications as well as blanks and components made of cemented carbide and other hard materials.  Dr. James, a scientist with SHM’s UK operation, began his presentation by pointing out that at the turn of the century progress in the field of hard materials was made by the improved ability to control the composition of these materials.  This has now changed and it is the material’s structure, in particular the material’s grain size and grain size distribution that is important.  He added that in 1926 the first tungsten carbide/cobalt alloys had carbide grain sizes greater than 1μm, whereas current commercial alloys have a grain size of 150 - 200 nm.  Dr. James went on to discuss the possibility and potential benefits of further reductions in the grain size and grain-size distribution in hard materials.  

3)
Nanoindentation Behaviour of TiN/NbN Multilayers

Dr. William Clegg

Department of Materials Science

University of Cambridge
The literature suggests that multilayer films with layer thicknesses of a few nanometers can be much harder than monolithic films, due to the limited dislocation motion within these materials.  However, there is considerable variation in the observed magnitude of this effect.  To investigate this issue, Dr. Clegg’s group deposited multilayer TiN/NbN films, with a repeat distance between 5 and 50 nm, by reactive magnetron sputtering under various conditions onto MgO single crystal substrates.   They studied the deformation behaviour of the multilayer film using nanoindentation and TEM.  Dr. Clegg is collaborating in this area with the University of Linköping in Sweden.

References:

"The Microstructure and Nanoindentation Behaviour of TiN/NbN Multilayers", J.M. Molina-Aldareguia, S.J. Lloyd, Z.H. Barber, M.G. Blamire, and W.J. Clegg, in Thin Film-Stresses and Mechanical Properties VIII, Proceedings of the Materials Research Society, vol 594 (Boston, MA) 2000, pp 9-14.

"Nanoindentation in TiN/NbN Multilayers and Thin Films", S.J. Lloyd, J.E. Pitchford, J.M. Molina-Aldareguia, Z.H. Barber, M.G. Blamire, and W.J. Clegg, Microscopy and Microanalysis, 5 [Supplement 2] (1999).
4)
Nanocomposite Alloys and Cermets
Professor Lindsay Greer

Department of Materials Science

University of Cambridge
It is widely accepted that nanostructured metal-ceramic composites and metallic alloys offer significantly improved mechanical and magnetic properties.  Professor Lindsey’s group at Cambridge is trying to better understand the fundamental mechanisms involved in these improvements.  The focus of his talk involved materials produced by the devitrification of amorphous films.  These materials have novel structures and can be thought of as nanophase composites.  While devitrification usually results in very uniform microstructures enhancing the mechanical properties of the starting material, the thermal stability of the resulting microstructures can be a problem -- nanostructured materials are susceptible to grain growth.  As an example of their recent work, Professor Lindsey discussed a two-phase Ni-TaC nanocomposite that not only exhibits outstanding mechanical properties but also has excellent thermal stability.  According to Professor Greer, the latter is due to the segregation-stabilized two-phase microstructure, i.e., grain growth is restricted by the very low solubility of the carbide and the low diffusion coefficient of Ta in the primary phase.  Professor Greer also discussed Al-based nanophase composites, in particular, Al-Ni-Y alloys.  These crystals are essentially pure α-Al surrounded by a matrix with a non-uniform composition.  In these materials the rare earth component tends to segregate around the crystallites, while the transition metal is more evenly dispersed.  He noted that the divitrification process was also accompanied by a significant hardening of the material, which was explained via a solute-mediated mechanism.  This model is consistent with the hardening kinetics observed in these materials.

References:

“A New Thermally Stable Structural Duplex Ni-TaC Nanocomposite”, J.R. Wilde and A.L. Greer, in Materials Science and Engineering, vol. A304-306, 2001, 932-936.

“Microstructure and Hardening of Al-based Nanophase Composites”, Z.C. Zhong, X.Y. Jiang and A.L. Greer, in Materials Science and Engineering, vol. A226-228, 1997, 531-535.
5)
Nanostructures -- From Manipulating Single DNA Molecules to Quantum Clusters in Semiconductors

Professor Colin Humphreys 

Department of Materials Science

University of Cambridge 

Professor Humphreys presented two projects from his research group.  The first involved the manipulation of single molecules of DNA using an applied field.  He reported that for the first time his group has been able to trap individual strands of DNA in a long, narrow channel (a few nanometers wide) cut in silicon using focused ion and electron beams.  They were able to manipulate the molecule using an applied electric field.  In a video shown by Professor Humphreys the movement of individual strands of DNA back and forth in the channel was clearly evident.  Although there are numerous applications of this work, Professor Humphreys’ group is focusing on the rapid sequencing of DNA.

Professor Humphreys began the second part of his presentation by showing extremely bright blue light emission from InxGa1-xN/GaN multiple quantum wells (MQWs).  These devices were grown by metal-organic chemical vapor deposition (MOCVD) with various growth interruptions between the InGaN well and the GaN barrier.  These devices were investigated using photoluminescence (PL), high-resolution TEM, and energy filtered transmission electron microscopy (EFTEM).  The integrated PL intensity of the MQWs with growth interruptions was significantly reduced compared to that of MQWs grown with no interruptions.  The InGaN well material had a dislocation density on the order of 109 cm-2 and a comparable level of so-called V-defects.  In addition, indium clustering along the InGaN wells was observed by EFTEM measurements.  Professor Humphreys argued that the higher-intensity light emission from the MQWs grown without interruption (and showing indium clustering) is caused by the recombination of excitons localized in the indium clustering regions.  In this way, the exitons are kept isolated from the dislocations and other defects present in the material.

References:

"Effect of Growth Interruptions on the Light Emission and Indium Clustering of InGaN/GaN Multiple Quantum Wells", H.K. Cho, J.Y. Lee, N. Sharma, C.J. Humphreys, G.M. Yang, C.S. Kim, J.H. Song, and P.W. Yu, in Applied Physics Letters, vol. 79, no. 16, 2001, pp 2594 - 2596.

“Microstructural Characterization of InGaN/GaN Multiple Quantum Wells with High Indium Composition”, H.K. Cho, J.Y. Lee, C.S. Kim. G.M. Yang, N. Sharma, and C.J. Humphreys, in Journal of Crystal Growth, vol. 231, 2001, pp 466-473.
6)
Nanostructures in Biomaterials 

Professor Bill Bonfield 

Department of Materials Science

University of Cambridge
In order to achieve long-term survival, biomaterials used for medical implants require a suitable interface between the tissue and the implant.  Extensive research is currently focused on the development of biomaterials that mimic the biological interface.  Consequently, the development of novel composite structures is of particular interest.  The main research areas of Professor Bonfield’s group concern biomaterials for use in the following applications

· Skeletal Implants 

· Medical Prostheses and Devices 

· Drug Delivery Systems

· Tissue Engineering  

He presented his most recent research on second generation biomaterials and tissue engineering and discussed new opportunities made possible by nanotechnology.  In particular, Professor Bonfield reported a new bone graft substitute with pore sizes greater than I μm, but with nanoporosity observed on the pore walls themselves.  He also mentioned work involving the growth of single crystal hydroxyapatite fibers for use in biocomposite materials.

References:

 "The In Vivo Response of Phase Pure Hydroxyapatite and Carbonate Substituted Hydroxyapatite Granules of Varying Size Ranges", N. Patel, I.R. Gibson, K.A. Hing, S.M. Best, E. Damien, P.A. Revell, W. Bonfield, in Bioceramics, vol. 14, 2001, 383-386.

"Chemically Coupled Hydroxyapatite-Polyethylene Composites: Structure and Properties", M. Wang, W. Bonfield, in Biomaterials, vol. 22, 2001, pp 1311-1320.

"Novel Processing of Hydroxyapatite-Zirconia Composites using Nano-sized Particles", M.R. Towler, I.R. Gibson, S.M. Best, in Journal of Materials Science Letters, vol. 19, 2000, pp 2209-2211.
7)
Advanced Electron Microscopy Techniques for Characterisation of Nanomaterials

Dr. Paul Midgley 

Department of Materials Science

University of Cambridge
During his presentation, Dr. Midgley discussed three recent developments in the field of transmission electron microscopy (TEM) especially relevant for characterizing nanomaterials, viz., electron holography, for the study of magnetic and electric fields, electron tomography, for 3D characterisation, and energy filtered TEM, for quantitative elemental analysis.

In conventional microscopy the phase changes undergone by the electron beam as it passes through a material containing electric and magnetic fields are lost.  Electron holography retains this information and so it is possible to reconstruct maps of the electrostatic potential or magnetic induction.  Currently Dr. Midgley is further developing and using this method to investigate the electrically active dopant regions at p-n junctions in semiconductor devices.  They are also studying magnetic domains and domain wall structures in hard magnetic materials, such as the Nd-Fe-B system.  Most recently, Dr. Midgley’s group is using electron holography to examine the magnetic structure of spin valve systems.

Dr. Midgley’s group has also developed an interesting variant of 3D electron microscopy they call Z-contrast tomography.  This technique, which uses images formed from Rutherford scattered electrons, provides a method for determining the 3D structure of inorganic materials with a spatial resolution of approximately 1 nm.  They use a scanning TEM (STEM) with a high-angle annular dark-field detector.  The intensity of the scattered electrons is approximately proportional to Z2 (Z being the atomic number of the scattering atom) so the technique is especially useful for imaging high-Z materials distributed on low-Z supports.  As an example, Dr. Midgley presented work involving the structure of nanoparticle catalysts on porous substrates.  The precise location of the catalyst is then reconstructed from a series of 2D projections using standard tomographic procedures.

Energy-filtered TEM (EFTEM) offers a fast and reliable way to map compositional changes in a material at nanometer resolution and with high chemical accuracy.  Dr. Midgley described how the acquisition of a series of EFTEM images over the energy-loss range of interest creates a three-dimensional data set comprising both spatial and spectral information.  This data series contains energy-loss information not available with conventional methods, thereby allowing one to apply quantitative EELS analysis to the extracted image spectra.   In this way, it is possible to achieve quantitative compositional maps.  By switching to STEM mode it is also possible to acquire images with atomic number contrast and simultaneously record energy loss spectra from critical regions of the specimen.  In this way, one can map out local electronic states and determine changes in the band gap, local bonding etc.

References:

“An Introduction to Off-Axis Electron Holography”, P.A. Midgley, in Micron, vol. 32 (2), 2001, 167-184.

“Z-Contrast Tomography: A Technique in Three-Dimensional Nanostructural Analysis Based on Rutherford Scattering”, P.A. Midgley, M. Weyland, J.M.  Thomas, and B.F.G. Johnson, in Chemical Communications, vol. 10, 2001, pp. 907-908.

“Image-spectroscopy: The Advantages of Increased Spectral Information for Compositional EFTEM Analysis”, P.J. Thomas and P.A. Midgley, in Ultramicroscopy, vol. 88 (3), 2001, pp.179-186.
8)
Carbon Nanotube Polymer Composites 

Dr. Milo Shaffer 

Department of Materials Science

University of Cambridge 

The intrinsic properties of carbon nanotubes suggest promise as filler materials for new polymer nanocomposites.  Numerous composite systems have been investigated, using nanotubes and nanofibres of different structure and diameter in various matrices.  As with other polymer-matrix nanocomposites, improvements in mechanical properties will first require improvements in materials and processing.  Thus, according to Dr. Shaffer, more immediate benefits can be achieved by trying to improve the functional attributes of materials.  As an example of their recent work Dr. Shaffer reported on the capacitive properties of electrochemically grown composite films of multi-walled carbon nanotubes (MWNTs) and polypyrrole (PPy), a conducting polymer.  Their work shows that the three-dimensional arrangement of PPy-coated MWNTs in these films improves both the electron and ion transfer relative to pure PPy films.  Measurements of the low-frequency capacitance for films of varying thickness show specific capacitances per mass and per geometric area as high as 192 Fg-1 and 1.0 Fcm-2, respectively.  The rates of charge and discharge are also roughly an order of magnitude faster than similarly prepared pure PPy films.  These results have obvious application to the development of new high power electronic components.

References:

“Electrochemical Capacitance of Nanocomposite Films Formed by Coating Aligned Arrays of Carbon Nanotubes with Polypyrrole”, M. Hughes, M.S.P. Shaffer, A.C. Renouf, C. Singh, G.Z. Chen, D.J. Fray, and A. H. Windle, in Advanced Materials, vol. 14, no. 5, 2002, pp. 382- 385.

“Electrochemical Capacitance of a Nonoporous Composite of Carbon Nanotubes and Polypyrrole”, M. Hughes, G.Z. Chen, M.S.P. Shaffer, D.J. Fray, and A. H. Windle, in Chemistry of Materials, ASAP Article 10.1021/cm010744, 2002.
9)
General Discussion:  Manufacturing at the Nanoscale
Professor George Smith

Department of Materials Science

University of Oxford
In his presentation, Professor Smith stressed the need for a “holistic, systems approach” to research in nanotechnology in the UK, involving industry from the start, wherever possible.
Assessment
This workshop was very successful in accomplishing its goal of providing an overview of the ongoing nanomaterials research at the University of Cambridge.   Taken together, the entire series of four such workshops should provide an excellent window on nanomaterials research activities in the UK.

The papers presented focused on a wide range of materials containing nanostructured phases.  The organizers are to be commended for their choice of topics, which very successfully highlighted many of the basic issues still to be addressed.  The workshop also stimulated a significant amount of interaction between the various branches of materials science at the University of Cambridge working in this field.
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